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PREFACE 


The  International  Library  of  Technology  is  the  outgrowth 
of  a  large  and  increasing  demand  that  has  arisen  for  the 
Reference  Libraries  of  the  International  Correspondence 
Schools  on  the  part  of  those  who  are  not  students  of  the 
Schools.  As  the  volumes  composing  this  Library  are  all 
printed  from  the  same  plates  used  in  printing  the  Reference 
Libraries  above  mentioned,  a  few  words  are  necessary 
regarding  the  scope  and  purpose  of  the  instruction  imparted 
to  the  students  of — and  the  class  of  students  taught  by — 
these  Schools,  in  order  to  afford  a  clear  understanding  of 
their  salient  and  unique  features. 

The  only  requirement  for  admission  to  any  of  the  courses 
offered  by  the  International  Correspondence  Schools,  is  that 
the  applicant  shall  be  able  to  read  the  English  language  and 
to  write  it  sufficiently  well  to  make  his  written  answers  to 
the  questions  asked  him  intelligible.  Each  course  is  com- 
plete in  itself,  and  no  textbooks  are  required  other  than 
those  prepared  by  the  Schools  for  the  particular  course 
selected.  The  students  themselves  are  from  every  class, 
trade,  and  profession  and  from  every  country;  they  are, 
almost  without  exception,  busily  engaged  in  some  vocation, 
and  can  spare  but  little  time  for  study,  and  that  usually 
outside  of  their  regular  working  hours.  The  information 
desired  is  such  as  can  be  immediately  applied  in  practice,  so 
that  the  student  may  be  enabled  to  exchange  his  present 
vocation  for  a  more  congenial  one,  or  to  rise  to  a  higher  level 
in  the  one  he  now  pursues.  Furthermore,  he  wishes  to 
obtain  a  good  working  knowledge  of  the  subjects  treated  in 
the  shortest  time  and  in  the  most  direct  manner  possible. 
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In  meeting  these  requirements,  we  have  produced  a  set  of 
books  that  in  many  respects,  and  particularly  in  the  general 
plan  followed,  are  absolutely  unique.  In  the  majority  of 
subjects  treated  the  knowledge  of  mathematics  required  is 
limited  to  the  simplest  principles  of  arithmetic  and  mensu- 
ration, and  in  no  case  is  any  greater  knowledge  of  mathe- 
matics needed  than  the  simplest  elementary  principles  of 
algebra,  geometry,  and  trigonometry,  with  a  thorough, 
practical  acquaintance  with  the  use  of  the  logarithmic  table. 
To  effect  this  result,  derivations  of  rules  and  formulas  are 
omitted,  but  thorough  and  complete  instructions  are  given 
regarding  how,  when,  and  under  what  circumstances  any 
particular  rule,  formula,  or  process  should  be  applied ;  and 
whenever  possible  one  or  more  examples,  such  as  would  be 
likely  to  arise  in  actual  practice — together  with  their  solu- 
tions— ^are  given  to  illustrate  and  explain  its  application. 

In  preparing  these  textbooks,  it  has  been  our  constant 
endeavor  to  view  the  matter  from  the  student's  standpoint, 
and  to  try  and  anticipate  everything  that  would  cause  him 
trouble.  The  utmost  pains  have  been  taken  to  avoid  and 
correct  any  and  all  ambiguous  expressions — both  those  due 
to  faulty  rhetoric  and  those  due  to  insufficiency  of  statement 
or  explanation.  As  the  best  way  to  make  a  statement, 
explanation,  or  description  clear  is  to  give  a  picture  or  a 
diagram  in  connection  with  it,  illustrations  have  been  used 
almost  without  limit.  The  illustrations  have  in  all  cases 
been  adapted  to  the  requirements  of  the  text,  and  projec- 
tions and  sections  or  outline,  partially  shaded,  or  full-shaded 
perspectives  have  been  used,  according  to  which  will  best 
produce  the  desired  results.  Half-tones  have  been  used 
rather  sparingly,  except  in  those  cases  where  the  general 
effect  is  desired  rather  than  the  actual  details. 

It  is  obvious  that  books  prepared  along  the  lines  men- 
tioned must  not  only  be  clear  and  concise  beyond  anything 
heretofore  attempted,  but  they  must  also  possess  unequaled 
value  for  reference  purposes.  They  not  only  give  the  maxi- 
mum of  information  in  a  minimum  space,  but  this  infor- 
mation is  so  ingeniously  arranged  and  correlated,  and  the 
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indexes  are  so  full  and  complete,  that  it  can  at  once  be  made 
available  to  the  reader.  The  numerous  examples  and 
explanatory  remarks,  together  with  the  absence  of  long 
demonstrations  and  abstruse  mathematical  calculations,  are 
of  great  assistance  in  helping  one  to  select  the  proper  for- 
mula, method,  or  process  and  in  teaching  him  how  and 
when  it  should  be  used. 

The  two  papers  in  this  volume  that  deal  with  the  sub- 
ject of  refrigerating  and  ice-making  machinery  give  the 
practical  engineer  enough  of  the  theory  to  enable  him  to 
handle  all  the  problems  that  he  is  likely  to  meet.  They 
also  give  him  those  practical  pointers  regarding  the  opera- 
ting of  a  plant  that  will  enable  him  to  obtain  economically 
the  maximum  refrigerating  effect  and  show  him  how  to  tell 
from  general  observation  the  capacity  and  efficiency  of  his 
plant.  Considerable  information  is  also  given  regarding 
the  erection,  operation,  and  installation  of  plants,  together 
with  general  rules  for  remodeling  an  old  plant  or  designing 
a  new  one.  Both  the  absorption  and  compression  types  of 
machines  are  treated.  As  a  preliminary  to  the  discussion 
of  ice-making  and  refrigerating  machinery,  short  papers  on 
hydraulics,  pneumatics,  and  heat  are  included  in  this 
volume. 

As  ipentioned  above,  this  volume  is  printed  from  the 
plates  used  in  printing  the  Reference  Libraries  of  the  Inter- 
national Correspondence  Schools.  On  account  of  the  omis- 
sion of  certain  papers,  the  material  contained  in  which  is 
given  in  better  form  elsewhere,  there  are  several  breaks  in 
the  continuity  of  the  page  numbers,  formula  numbers,  article 
numbers,  etc.  This,  however,  does  not  impair  the  value  of 
the  volume,  as  the  index  has  been  reprinted  and  made  to 
conform  to  the  present  arrangement. 

International  Textbook  Company. 
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HYDROSTATICS. 

067.  Hydroatatlca  treats  of  liquids  at  rest  under  the 
action  of  forces. 

Liquids  are  very  nearly  incompressible,  A  pressure  of  15 
pounds  per  square  inch  compresses  water  less  than  y^\^^  of 
its  volume. 

Fig.  157  represents  two  cylindrical  vessels  of  exactly  the 
same  size.  The  vessel  a  is  fitted  with  a  wooden  block  of 
the  same  size  as  the  cylinder, 
and  can  move  in  it ;  the  vessel  b 
is  filled  with  water,  whose  depth 
is  the  same  as  the  length  of  the 
wooden  block  in  a.  Both  ves- 
sels are  fitted  with  air-tight  pis- 
tons P  whose  areas  are  each  10 
square  inches. 

Suppose,  for  convenience,  that 
the  weights  of  the  cylinders, 
pistons,  block,  and  water  be 
neglected,  and  that  a  force  of 
100  pounds  be  applied  to  both 
pistons.    The  pressure  per  square  a 

inch  will  be  ^^y  =  10  pounds.   In  fio.  167. 

the  vessel  a^  this  pressure  will  be  transmitted  to  the  bottom 
of  the  vessel,  and  will  be  10  pounds  per  square  inch;  it  is 
easy  to  see  that  there  will  be  no  pressure  on  the  sides.  In 
the  vessel  ^,  an  entirely  different  result  is  obtained.  The 
pressure  on  the  bottom  will  be  the  same  as  in  the  other 
case — that  is,  10  pounds  per  square  inch — but,  owing  to  the 
fact  that  the  molecules  of  the  water  are  perfectly  free  to 

For  notice  ot  the  copyright,  bee  page  immediately  following  the  title  page. 
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move,  this  pressure  of  10  pounds  per  square  inch  is  trans- 
mitted in  every  direction  zuitk  the  same  intensity;  that  is  to 
say,  the  pressure,  at  any  point,  r,  d,  ^, /,  g^  //,  etc.,  due  to 
the  force  of  100  pounds,  is  exactly  the  same,  and  equals  10 
pounds  per  square  inch. 

This  may  be  easily  proven  experimentally  by  means  of  an 
apparatus  like  that  shown  in  Fig.  158.      Let  the  area  of  the 

piston  a  be  20  square  inches ; 
of  b,  7  square  inches ;  of  r, 
1  square  inch ;  of  ^,  6  square 
inches ;  of  ^,  8  square  inches ; 
and  of  /,  4  square  inches. 

If  the  pressure  due  to  the 
weight  of  the  water  be  neg- 
lected, and  a  force  of  5 
pounds  be  applied  at  c 
(whose  area  is  1  square 
inch),  a  pressure  of  5  pounds 
per  square  inch  will  be  trans- 
mitted in  all  directions; 
and  in  order  that  there  shall 
Fig.  158.  be  no  movement,  a  force  of 

6  X  5  =  30  pounds  must  be  applied  at  d^  40  pounds  at  ^,  20 
pounds  at  /,  100  pounds  at  a,  and  35  pounds  at  b. 

If  a  force  of  99  pounds  were  applied  to  a,  instead  of  100 
pounds,  the  piston  a  would  rise,  and  the  other  pistons 
^,  r,  d^  e,  and /would  move  inwards;  but,  if  the  force  ap- 
plied to  a  were  100  pounds,  they  would  all  be  in  equilibrium. 
Had  101  pounds  been  applied  at  ^,  the  pressure  per  square 
inch  would  be  JgV- =  5.05  pounds,  which  would  be  trans- 
mitted in  all  directions;  and,  since  the  pressure  due  to  c  is 
only  5  pounds  per  square  inch,  it  is  now  evident  that  the 
piston  a  will  move  downwards,  and  the  pistons  by  c^  d^  e^ 
andy*  will  be  forced  outwards. 

The  whole  may  be  summed  up  as  follows: 

968.  Rule. —  The  pressure  per  unit  of  area  exerted  any- 
where upon  a  mass  of  liquid  is  transmitted  undiminished  in 
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all  directions^  and  acts  with  the  same  force  upon  all  surfaces 
in  a  direction  at  right  atigles  to  those  surfaces. 

This  law  was  first  discovered  by  Pascal,  and  is  the  most 
important  in  Hydromechanics.  Its  meaning  should  be 
thoroughly  understood. 

Example. — If  the  area  of  a  piston  e  in  Fig.  158  were  8.25  square 

inches,  and  a  force  of  150  pounds  were  applied  to  it,  what  forces  would 

have  to  be  applied  to  the  other  pistons  to  keep  the  water  in  equilibrium, 

assuming  that  their  areas  were  the  same  as  given  before  ? 

150 
Solution. — 5-jr=  =  18. 182  lb.  per  sq.  in. ,  nearly. 

20  X  18.182  =  363.64    lb.  =  force  to  balance  a, 
7  X  18.182  =  127.274  lb.  =  force  to  balance  b. 
1  X  18.182  =    18.182  lb.  =  force  to  balance  c,   \  Ans. 
6  X  18. 182  =  109.092  lb.  =  force  to  balance  d. 
4  X  18. 182  =    72.728  lb.  =  force  to  balance  /. 

969.  The  pressure  due  to  the  weight  of  a  liquid  may  be 

downwards^  upwards^  or  sideivays. 

970.  Downward  Pressure. — In  Fig.  159,  the  pres- 
sure on  the  bottom  of  the  vessel  a  is,  of  course,  equal  to 


c 

PIO.  160. 

the  weight  of  the  water  it  contains.  If  the  area  of  the 
bottom  of  the  vessel  ^,  and  the  depth  of  the  liquid  contained 
in  it,  are  the  same  as  in  the  vessel  ^,  the  pressure  on  the 
bottom  of  b  will  be  the  same  as  on  the  bottom  of  a.  Sup- 
pose the  bottoms  of  the  vessels  a  and  b  are  G  inches  square, 
and  that  the  part  c  d^  in  the  vessel  by  is  2  inches  square,  and 
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that  both  vessels  are  filled  with  water.     Then,  the  weight 

62  5 
of  1  cubic  inch  of  water  being     ^'      =.03617  pound,  and 

i,  i Zo 

the   number  of  cubic   inches   in  ^,  6  X  6  X  24  =  864  cubic 

inches,    the   weight   of    the   water   is   864  X  .03617  =  31.25 

pounds.     Hence,  the  total  pressure  on  the  bottom  of   the 

31  25 
vessel  a  is  31.25  pounds,  or'  =  .868  pound  per  square 

oh 

inch. 

The  pressure  in  ^,  due  to  the  weight  contained  in  the  part 
^'  r,  is  6  X  6  X  10  X  .03617  =  13.02  pounds. 

The  weight  of  the  part  contained  in  r  ^  is  2  X  2  X  14  X 

.03617  =  2.0255  pounds,  and  the  weight  per  square  inch  of 

,.    2.0255        ^^^,  - 

area  m  ^  ^  is  — j —  =  .5064  pound. 

According  to  Pascal's  law,  this  weight  (pressure)  is  trans- 
mitted equally  in  all  directions ;  therefore,  every  square  inch 
of  the  large  part  of  the  vessel  6  will  be  subjected  to  a  pres- 
sure of  .  5064  pound.  The  area  of  the  part  ^  r  is  6  X  6  =  36 
square  inches,  and  the  total  pressure  due  to  the  weight  of 
the  water  in  the  small  part  will  be  .5064  X  36  =18.23  pounds. 
Hence,  the  total  pressure  on  the  bottom  of  d  will  be  13.02  + 
18.23  =  31.25  pounds,  the  same  result  as  in  the  case  of  the 
vessel  a. 

If  an*  additional  pressure  of  10  pounds  per  square  inch 
were  applied  to  the  upper  surface  of  both  vessels,  the  total 
pressure  on  their  bottoms  would  be  31.25+  (6  X  6  X  10)  = 
31.25  +  360  =  391.25  pounds. 

In  case  this  pressure  were  obtained  by  means  of  a  weight 
placed  on  a  piston,  as  shown  in  Figs.  157  and  158,  the  weight 
for  the  vessel  a  would  be  6  X  6  X  10  =  360  pounds,  and  for 
the  vessel  ^,  2  X  2  X  10  =  40  pounds. 

971.  The  General  La^v  for  tlie  Do^^n^^ard  Pres- 
sure upon  ttie  Bottom  of  any  Vessel : 

Rule. —  The  pressure  upon  the  bottom  of  a  vessel  containing 
a  fluid  is  independent  of  the  sttape  of  the  vessel^  and  is  equal 
to  the  weight  of  a  prism  of  the  fluid  whose  base  has  the  sam£ 
area  as  the  bottom  of  the  vessel^  and  tvhose  altitude  is  the  dis" 
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tafue  between  the  bottom  and  the  upper  surface  of  the  fluid^ 
plus  the  pressure  per  unit  of  area  upon  the  upper  surface  of 
the  fluid  multiplied  by  the  area  of  the  bottom  of  the  vessel. 

Suppose  that  the  vessel  b,  in  Fig.  150,  is  inverted,  as 
shown  ^t  c\  the  pressure  upon  the  bottom  in  this  case  will 
also  be  .808  pound  per  square  inch,  but  it  will  require  a 
weight  of  3,490  pounds  to  be  placed  upon  the  piston  at  the 
upper  surface  to  make  the  pressure  on  the  bottom  391.25 
pounds,  instead  of  a  weight  of  40  pounds,  as  in  the  other 
case. 

Example. — A  vessel  filled  with  salt  water,  having  a  specific  gravity 
of  1.08,  has  a  circular  bottom  13  inches  in  diameter.  The  top  of  the 
vessel  is  fitted  with  a  piston  3  inches  in  diameter,  on  which  is  laid  a 
weight  of  75  pounds;  what  is  the  total  pressure  on  the  bottom,  if  the 
depth  of  the  water  is  18  inches  ? 

Solution. — The  weight  of  1  cubic  inch  of  the  water  is  ■    \  ^'      = 

1,  t>cfi 

.037254  lb. 

13  X  13  X  .7854  X  18  X  .037254  =  89.01  pounds  =  the  pressure  due  to 

the  weight  of  the  water. 

75 

5 — 5 n^T7=  10.61  lb.  per  sq.  in.  due  to  the  weight  on  the  piston. 

o  X  «  X  .  7oo4 

13  X  13  X  .7854  X  10.61  =  1,408.29  lb.  =  pressure  on  the  bottom  due  to 

the  weight. 

Total  pressure  =  1,408.29  -}-  89.01  =  1.497.3  lb.     Ans. 

972.  Upward  Pressure.— In  Fig.  159  the  vessel  b 
is  of  exactly  the  same  size  as  that  shown  at  c.  There  is 
no  upward  pressure  on  the  surface  c  due  to  the  weight  of 
the  water  in  the  large  part  e  c^  but  there  is  an  upward  pres- 
sure on  c  due  to  the  weight  of  the  water  in  the  small  part 
c  d.  The  pressure  per  square  inch  due  to  the  weight  of  the 
water  in  c  dwa.s  found  to  be  .5004  pound  (see  Art.  970); 
the  area  of  the  upper  surface  c  of  the  large  part  ^  ^  is  evi- 
dently (6  X  6)  —  (2  X  2)  =  3G  —  4  =  32  square  inches,  and 
the  total  upward  pressure  due  to  the  weight  of  the  water  is 
.5064  X  32  =  16.2  pounds. 

If  an  additional  pressure  of  10  pounds  per  square  inch 
were  applied  to  a  piston  fitting  the  top  of  the  vessel,  the 
total  upward  pressure  on  the  surface  c  would  be  16.2  + 
(32  X  10)  =  336.2  pounds. 
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973.  General  Law  for  Upward  Pressure  : 
Rule. —  The  upward  pressure  on  any  submerged  horizontal 

surfaee  equals  the  iveight  of  a  prism  of  the  liquid  whose  base 
has  an  area  equal  to  the  area  of  the  submerged  surface^  and 
whose  altitude  is  the  distanee  betiveen  the  submerged  surface 
and  the  upper  surface  of  the  liquid^  plus  the  pressure  per  unit 
of  area  on  the  upper  surface  of  the  fluid  multiplied  by  the 
area  of  the  submerged  surface. 

Example. — A  horizontal  surface  6  inches  by  4  inches  is  submerged 
in  a  vessel  of  water  26  inches  below  the  upper  surface.  If  the  pressure 
on  the  water  is  16  pounds  per  square  inch,  what  is  the  total  upward 
pressure  on  the  horizontal  surface  ? 

Solution.—  6  X  4  X  26  X  .03617  =  22.57  lb.,  or  the  upward  pressure 
due  to  the  weight  of  the  water. 

6  X  4  X  16  =  384  lb.,  or  the  upward  pressure  due  to  the  outside  pres- 
sure of  16  lb.  per  sq.  in. 

The  total  upward  pressure  =  384  -+-  22.57  =  406.57  lb.     Ans. 

974.  Lateral  (Sideways)  Pressure. — Suppose  the 
top  of  the  vessel  shown  in  Fig.  100  {a)  is  10  inches  square, 


CI 
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and  that  the  projections  at  a  and  /;  are  1  inch  X  1  inch,  and 
10  inches  long. 

The  pressure  per  square  inch  on  the  bottom  of  the  vessel, 
due  to  the  weight  of  the  liquid,  is  1  X  1  X  18  X  the  weight 
of  a  cubic  inch  of  the  liquid. 
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The  pressure  at  a  depth  equal  to  the  distance  of  the  upper 
surface  b  below  the  top  of  the  vessel  is  lxlXl7X  the 
weight  of  a  cubic  inch  of  the  liquid. 

Since  both  of  these  pressures  are  transmitted  in  every 
direction,  they  are  also  transmitted  laterally  (sideways),  and 
t\iQ  pressure  per  unit  of  area  on  the  projeetion  b  is  a  mean  be- 
tween the  two^  and  equals  1  X  1  X  17^  X  the  weight  of  a 
cubic  inch  of  the  liquid. 

To  find  the  lateral  pressure  on  the  projection  ^,  imagine 
that  the  dotted  line  c  is  the  bottom  of  the  vessel ;  then  the 
conditions  will  be  the  same  as  in  the  preceding  case,  except 
that  the  depth  is  not  so  great. 

The  lateral  pressure  on  a  is  thus  seen  to  be  1  x  1  XlH  X 
the  weight  of  a  cubic  inch  of  the  liquid. 

General  La^w  for  Lateral  Pressure  : 

875.  R ule. —  The  pressu re  upon  any  vertical  surface  due 
to  the  weight  of  a  liquid  is  equal  to  the  weight  of  a  prism  of 
the  liquid  whose  base  has  the  same  area  as  the  vertical  sur- 
face^ and  whose  altitude  is  the  depth  of  the  center  of  gravity 
of  the  vertical  surface  below  the  level  of  the  liquid. 

Any  additional  pressure  is  to  be  added  as  in  the  previous 
cases. 

Example. — A  well  8  feet  in  diameter  and  20  feet  deep  is  filled  with 
water;  what  is  the  pressure  on  a  strip  of  the  wall  1  inch  wide,  the 
center  of  which  is  1  foot  from  the  bottom  ?  What  is  the  pressure  on 
the  bottom  ?  What  is  the  upward  pressure  per  square  inch,  2  feet 
6  inches  from  the  bottom  ? 

Solution.—  1x86x8.1416  =  118.1  sq.  in.  =  area  of  the  strip. 
Depth  of  center  of  gravity  =  20  -  1  =  19  ft. 

113.1  X  19  X  12  X  .08617  =  982.71  lb.  =  total  pressure  upon  the 
strip.     Ans. 

982  71 

The  pressure  per  square  inch  is  .,\.ry-  =  8.247  lb.,  nearly. 

86  X  86  X  .7854  X  20  X  13  X  .08617  =  8,886  lb.  =r  the  pressure  on  the 
bottom.    Ans. 

20  -  2.5  =  17.5.  1  X  17.5  X  12  X  .08617  =  7.596  lb.  =  the  upward  pres- 
sure  per  square  inch,  2  ft.  6  in.  from  the  bottom,  since  2  ft.  6  in.  = 
2.5  ft.     Ans. 

The  effects  of  the  lateral  pressure  are  illustrated  in  Fig. 
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ICO  {d).  A  tall  vessel  e  has  a  stop-cock  near  its  base,  and 
is  arranged  to  float  upon  the  water,  as  shown.  When  this 
vessel  is  filled  with  water,  the  lateral  pressures  at  any  two 
points  of  the  surface  of  the  vessel,  and  opposite  to  each 
other,  are  equal.  Being  equal,  and  acting  in  opposite  direc- 
tions, they  destroy  each  other  (see  Art.  881),  and  no 
motion  can  result;  but,  if  the  stop-cock  be  opened,  there 
will  be  no  resistance  to  that  pressure  acting  on  the  surface 
equal  to  the  area  of  the  opening,  the  pressure  which  for- 
merly acted  causing  the  water  to  flow  out,  while  its  equal 
and  opposite  pressure  will  cause  the  vessel  to  move  back- 
wards through  the  water  in  a  direction  opposite  to  that  of 
the  spouting  water. 

Since  the  pressure  on  the  bottom  of  a  vessel  due  to  the 
weight  of  the  liquid  is  dependent  only  upon  the  height  of 
the  liquid,  and  not  upon  the  shape  of  the  vessel,  it  follows 
that  if  a  vessel  has  a  number  of  radiating  tubes,  as  Fig. 
161,  the  water  in  each  tube  will  be  on  the  same  level,  no 


Fig.  161. 

matter  what  may  be  the  shape  of  the  tubes.  For,  if  the 
water  were  higher  in  one  tube  than  in  the  others,  the  down- 
ward pressure  on  the  bottom  due  to  the  height  of  the  water 
in  this  tube  would  be  greater  than  that  due  to  the  height  of 
the  water  in  the  other  tubes. 

Consequently,  the  upward  pressure  would  also  be  greater; 
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the  equilibrium  would  be  destroyed,  and  the  water  would 
flow  from  this  tube  into  the  vessel,  and  rise  in  the  other 
tubes  until  it  was  at  the  same  level  in  all,  when  it  would  be 
in  equilibrium.  This  principle  is  expressed  in  the  familiar 
saying,  Water  seeks  its  level. 

This  explains  why  city  water  reservoirs  are  located  on 
high  elevations,  and  why  water  on  leaving  the  hose-nozzle 
spouts  so  high. 

If  there  was  no  resistance  by  friction  and  air,  the  water 
would  spout  to  a  height  equal  to  the  level  of  the  water  in 
the  reservoirs.  If  a  long  pipe,  whose  length  was  equal  to 
the  vertical  distance  between  the  nozzle  and  the  level  of  the 
water  in  the  reservoir,  was  attached  to  the  nozzle,  the  water 
would  just  reach  the  end  of  the  pipe.  If  the  pipe  was 
lowered  slightly,  the  water  would  trickle  out. 

Fountains,  canal  locks,  and  artesian  wells  are  examples  of 
the  application  of  this  principle. 

Example. — The  water  level  in  a  city  reservoir  is  150  feet  from  the 
level  of  the  street;  what  is  the  pressure  of  the  water  per  square  inch 
on  the  hydrant  ? 

Solution.—    1  x  150  X  12  x  .03617  =  65.106  lb.  per  sq.  in.     Ans. 

976.  The  weight  of  a  column  of  water  1  inch  square 
and  1  foot  high  is  .03617  X  12  =  .434  pound,  nearly.  Hence, 
if  the  depth  (head)  is  given,  the  pressure 

per  square  inch  may  be  found  by  mul- 
tiplying the  depth  in  feet  by  .434.  The 
constant  .434  is  the  one  ordinarily  em- 
ployed in  practical  calculations. 

977.  In  Fig.  162,  let  the  area  of  the 
piston  ^  be  1  square  inch ;  of  b,  40  square 
inches.  According  to  Pascal's  law,  1 
pound  placed  upon  a  will  balance  40 
pounds  placed  upon  b. 

Suppose  that  a  moves  downwards  10 
inches;  then,    10  cubic  inches  of  water  fio.  162. 

will  be  forced  into  the  tube  b.  This  will  be  distributed 
over  the  entire  area  of  the  tube  b  in  the  form  of  a  cylinder, 
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whose  cubical  contents  must  be  10  cubic  inches,  whose  base 
has  an  area  of  40  square  inches,  and  whose  altitude  must 
be  ^^  =  I  of  an  inch ;  that  is,  a  movement  of  10  inches  of 
the  piston  a  will  cause  a  movement  of  ^  of  an  inch  of  the 
piston  d. 

Here  is  the  old  principle  of  machines:  The  power  multi- 
plied by  the  distance  through  tvhich  it  moves  equals  the  weight 
multiplied  by  the  distance  through  ivhich  it  moves. 

Hence,  if  1  pound  on  the  piston  a  represents  the  power  P, 
the  equivalent  weight  W  on  b  may  be  obtained  from  the 
equation  /*  X  10  =  W  X  i,  or  10  =  \  JF,  and  J['=  40. 

Another  familiar  fact  is  also  recognized,  for  the  velocity 
ratio  of  /*  to  W  is  10  :  i,  or  40.  Since  in  any  machine  the 
weight  equals  the  power  multiplied  by  the  velocity  ratio, 
W^  Py.  40,  and  when  /^=  1  pound,  W  =  40  pounds. 

978.     This  principle  is  made  use  of  in  the  hydraulic  press 


Fig.  163. 

represented  in  Fig.  163.     As  the  man  depresses  the  lever  (9, 
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he  forces  down  the  piston  a  upon  the  water  in  the  cylinder 
A,  The  water  is  forced  through  the  bent  tube  d  into  the 
cylinder  in  which  the  large  piston  C  works,  and  causes  it  to 
rise,  thus  lifting  the  platform  K,  and  compressing  the  bales. 
If  the  area  of  ^  be  1  square  inch,  and  that  of  Cbe  100  square 
inches,  the  velocity  ratio  will  be  100. 

If  the  length  of  the  lever  between  the  hand  and  the  ful- 
crum is  10  times  the  length  between  the  fulcrum  and  the 
piston  a^  the  velocity  ratio  of  the  lever  will  be  10,  and  the 
total  velocity  ratio  of  the  hand  to  the  piston  C  will  be  1,000. 

Hence,  a  force  of  100  pounds  applied  by  the  hand  will 
raise  100x1,000  =  100,000  pounds.  But,  if  the  average 
movement  of  the  hand  per  stroke  is  10  inches,  it  will  require 

*         =  100  strokes  to  raise  the  platform  1  inch,  and  it  is 

again  seen  that  what  is  gained  in  power  is  lost  in  speed. 

Applications  of  this  principle  are  seen  in  the  hydraulic 
machines  used  for  forcing  locomotive  drivers  on  their  axles, 
etc.,  and  for  testing  the  strength  of  boiler  shells. 

Example. — A  suspended  vertical  cylinder  is  tested  for  the  tightness 
of  its  heads  by  filling  it  with  water.  A  pipe  whose  inside  diameter  is 
^  of  an  inch,  and  whose  length  is  20  feet,  is  screwed  into  a  hole  in  the 
upj)er  head,  and  then  filled  with  water;  what  is  the  pressure  per  square 
inch  on  each  head,  if  the  cylinder  is  40  inches  in  diameter  and  60  inches 
long? 

Solution.— Area  of  heads  =  40*  x  .'7854  =  1,256.64  sq.  in. 

Pressure  per  square  inch  on  the  bottom  head,  due  to  the  weight  of 
the  water  in  the  cylinder  =  1  x  60  x  .03617  =  2.17  lb.  (i)*X.7854  = 
.04909  sq.  in.,  the  area  of  the  pipe. 

.04909  X  20  X  12  X  .03617  =  .426  lb.  =  the  weight  of  water  in  pipe  = 
the  pressure  on  a  surface  area  of  .04909  sq.  in. 

The  pressure  per  square  inch  due  to  the  water  in  the  pipe  is  .^4(wio  ^ 

.426  =  8.68  lb.  per  sq.  in.  upon  the  upi)cr  head.     Ans. 

The  pressure  per  square  inch  on  the  lower  head  is  8.68  -+-  2.17  =  10.85 
lb.  per  sq.  in.     Ans. 

Example. — In  the  last  example,  if  the  pipe  is  fitted  with  a  piston 
weighing  ^  of  a  pound,  and  a  5-pound  weight  is  laid  upon  it,  what  is 
the  pressure  per  square  inch  upon  the  upper  head  ? 

Solution. — In  addition  to  the  pressure  of  .426  pound  on  the  area  of 
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.04909  sq.  in.,  there  is  now  an  additional  pressure  upon  this  area  of 
5  +  ^  =  5.25  lb.,  and  the  total  pressure  upon  this  area  is  .426  +  5.25  = 
5.676  lb. 

The  pressure  per  square  inch  is  -qTqqq-  X  5.676  =  115.6  lb.     Ans. 

979.  Pressure  Upon  Oblique  Surfaces. — Hereto- 
fore, the  pressure  upon  horizontal  and  vertical  surfaces  only 
has  been  considered.  The  pressure  upon  sides  which  are 
oblique  to  the  bottom  will  now  be  considered. 

According  to  the  law  of  Pascal,  the  pressure  which  a  fluid 

exerts    upon    a    surface    is    at 
.right    angles    to    the    surface; 
hence,  in  Fig.  1G4,  the  pressure 
acts  in  a  direction  indicated  by 
the  arrow-head  on  the  line  C  D^ 
and    the    lateral     pressure    on 
every  square  unit  of  area  of  the 
side  F  H  will  be  in  the  direc- 
tion   C  D,      According  to  the 
law  for  lateral  pressure    (Art. 
975),  the  total  perpendicular 
pressure  upon  the.  side /^// will 
be :    Area  of  side  F  Hx  ^  A  H  X  the  weight  of   a  cubic 
inch  of  the  fluid. 

Let  the  line  C  D  represent  this  perpendicular  pressure, 
and  call  it  P,  Now,  resolve  P  into  two  components,  one,  /\, 
acting  horizontally,  and  the  other,  /!,,  acting  vertically. 
The  angle  C  D  E  —  F  H  A,  iov  C  D  is  perpendicular  to 
F  //,  and  E  D  is  perpendicular  to  A  //.  (See  Art.  692.) 
Therefore,  P^=Px  cos  C  D  E  =  Px  cos  F  B  A;  but  the 
cosine  of  F  H  A  is  numerically  equal  to  A  //,  which  equals 
the  projection  oi  F  H  on  a  line  at  right  angles  to  E  D. 

The  angle  G  D  C  =  E  C  D  =  A  F II,  since  C  D  \s  per- 
pendicular to  F II,  and  G  D  is  perpendicular  to  A  F\  con- 
sequently, the  vertical  component  P^  =  P  cos  G  D  C  = 
Pcos  A  F II.  But  the  cosine  A  F II  is  numerically  equal  to 
A  /%  which  equals  the  i)rojccticm  of  F II  upon  a  line  at  right 
angles  to  G  D.  Hence,  the  rule  for  finding  the  j^ressure 
exerted  by  a  fluid  in  any  direction  upon  a  plane  surface  is: 
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Rule. — The  pressure  exerted  by  a  fluid  in  any  direction 
upon  any  plane  surface  is  equal  to  the  weight  of  a  prism  of 
the  fluid  whose  base  is  the  projection  of  the  surface  at  right 
angles  to  the  direction  considered,  and  whose  height  is  the 
depth  of  the  center  of  gravity  of  the  surface  below  the  level 
of  the  liquid. 

980.  When  the  pressure  per  unit  of  area  is  so  great  that 
the  pressure  may  be  regarded  as  uniformly  distributed  over 
the  area  of  the  surface  pressed  against, 
the  preceding  rule  holds  good  for  any 
surface.  Consequently,  if  a  cylinder  is 
filled  with  water,  and  a  pressure  is  ap- 
plied, the  pressure  upon  any  half  section 
of  the  cylinder,  as^  C-ff  (Fig.  165),  tend- 
ing to  separate  one  half  from  the  other,  is 
equal  to  the  projected  area  of  the  half 
cylinder  {or  the  inside  diameter  times  the  length  of  the  cylinder), 
multiplied  by  the  depth  of  the  center  of  gravity  of  the  cylinder 
{or  i  d),  multiplied  by  the  weight  of  a  cubic  unit  of  water, 
plus  the  diameter  of  the  shell  multiplied  by  the  pressure  per 
square  inch  multiplied  by  the  length  of  the  cylinder. 

li  d=^  the  inside  diameter  in  inches  and  /  =  the  length  of 
the  cylinder  in  inches,  the  pressure  due  to  the  weight  of  the 
water  (when  the  cylinder  is  horizontal  and  filled  with  water) 

upon  the  half  cylinder  A  C B  z=:  dx  I  X  ^  X  the  weight  of  a 

cubic  inch  of  water  =  /  x  ^^  X  the  weight  of  a  cubic  inch  of 

water. 

The  pressure  due  to  an  additional  pressure  P^  pounds  per 
square  inch  =  I  X  d  X  P^  Thus,  if  a  cylinder  00  inches  long 
and  40  inches  in  diameter,  lying  horizontally,  is  filled  with 
water,  the  pressure  on  any  half  section,  as  A  C B,  due  to  the 
weight  of  the  water,  will  be  found  as  follows: 

60  X  IP  X  .03017  =  1,736.16  pounds. 
If  there  were  an  additional  pressure  per  square  inch  of  50 
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pounds,     the    total     pressure    would     be     GO  X  40  X  50  + 

1,736.16  =  121,736.16  pounds. 

If  the  cylinder  were  vertical  instead  of  horizontal,  the 

depth  of  the  center  of  gravity  would  evidently  be  ^  /  below 

the    surface,  and  the  pressure  tending  to  separate  one  half 

from  the  other,  due  to  the  weight  of  the  water,  would  be 

/  .  /* 

^  X  /  X  -r  X  weight  of  a  cubic  inch  of  water  =  ^  x  -^  X  weight 

of  a  cubic  inch  of  water. 

Any  additional  pressure  should  be  calculated  as  in  the 
previous  case. 

Example. — What  would  be  the  pressure  due  to  the  weight  of  the 
water  if  the  cylinder  in  the  last  example  were  vertical  ? 

Solution.—    40  x  ^^  x  03617  =  2,604.24  lb.     Ans. 

In  the  case  of  a  sphere,  the  projected  area  is  evidently  the 
area  of  a  circle  whose  diameter  is  the  same  as  the  diameter 
of  the  sphere.     Hence,  the  pressure  upon  a  hemisphere  due 

to  the  weight  of  the  water  will  be  d""  x  .7854  X  ^r  X  the 

weight  of  a  cubic  inch  of  water  =  — -  x  .7S54  X  the  weight 

of  a  cubic  inch  of  water. 

The  pressure  upon  a  hemisphere  whose  diameter  is  20 

inches,  when  filled  with  water,  due  to  the  weight   of   the 

20* 
water  only,  will  be— -  x  .7854  x  .03617  =  113.63  pounds. 

For  an  additional  pressure  P  in  pounds  per  square  inch, 
the  pressure  on  the  hemisphere  due  to  this  will  be  (i^  X 
.7854  X /I 

Example. — If  the  ends  of  the  vessel  shown  in  Fig.  164  make  right 
angles  with  the  bottom,  and  the  distance  between  them,  or  length  of 
the  vessel,  is  12  feet,  what  are  the  horizontal,  vertical,  and  perpendicular 
pressures  against  the  sides,  both  making  equal  angles  with  the 
bottom  ? 

Solution. — Apply  rule.  Art.  979.  In  finding  the  horizontal  pres- 
sure, the  direction  considered  is  that  of  the  line  E D\  that  is,  horizon- 
tal. The  projected  area  of  the  surface  whose  edge  is  /^//"projected  at 
right  angles  to  ED    is  A  Hx  length  of  vessel  =  6  X  13  =  72  sq.  ft 
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Depth  of  center  of  gravity  =  6  h-  2  =  8  ft.     Hence,  horizontal  pres- 
sure  =  6x  12X8X62.5  =  18,500  lb.     Ans. 

Note. — We  mukiply  by  62.5,  because  all  dimensions  are  in  feet 

In  a  similar  manner,  the  vertical  pressure  is  found.  Thus,  direction 
considered  is  that  of  the  line  G  D.  Projected  area  of  surface  FH, 
when  projected  at  right  angles  to  G  D,  =  FA  X  length  of  vessel. 

FA  =  ?-^  =  \\  ft.   Vertical  pressure  =  1^  x  12  X  8  X  62.5  =  8,375  lb. 

Ans. 

To  find  the  perpendicular  pressure,  first  find  the  length  of  the  side 
FH.  FH  =  t/6^  -h  (U)*  =  6.1847  ft.  Perpendicular  pressure  =  6.1847  X 
12  X  8  X  62.5  =  13.916  lb.,  nearly.     Ans. 

Example. — A  sphere  having  a  diameter  of  80  inches  is  filled  with 
water  and  subjected  to  an  additional  pressure  of  75  pounds  per  square 
inch ;  what  is  the  total  pressure  tending  to  separate  one  vertical  half 
section  of  the  sphere  from  its  opposite  half  ? 

Solution. — The  pressure  due  to  the  weight  of  the  water  is-^"  X 
. 7854  X. 03617  =  388. 5  lb. 

30»  X  .7854  X  75  =  53.014.5  lb.  =  additional  pressure. 

Total  pressure  tending  to  separate  any  two  halves  =  53,014.5+383.5  = 
53.398  lb.     Ans.  

BUOYANT  EFFECTS  OF  WATER. 

981.  In  Fig.  160  (a)  is  shown  a  G-inch  cube  entirely 
submerged  in  water.  The  lateral  pressures  are  equal,  and 
act  in  opposite  directions.  The  upward  pressure  =  G  X 
6  X  21  X  .03G17;  the  downward  pressure  =  G  X  G  X  15  X 
.03617,  and  the  difference  =  G  X  6  X  G  X  .03617  =  the  vol- 
ume  of  the  cube  in  cubic  inches  x  the  weight  of  1  cubic  inch 
of  water.  That  is,  the  upward  pressure  exceeds  the  down- 
ward pressure  by  the  weight  of  a  volume  of  water  equal  to 
the  volume  of  the  body. 

This  excess  of  upward  pressure  over  the  downward  pres- 
sure acts  against  gravity ;  consequently,  if  a  body  be  im- 
ntcrsed  in  afitiid^  it  ivill  lose  in  weight  an  amount  equal  to 
the  weight  of  the  fluid  it  displaces.  This  is  called  the  prin- 
ciple of  Arctilmeden,  because  it  was  first  stated  by  him. 

Archimedes'  principle  may  be  experimentally  demon- 
strated with  the  beam  scales,  as  shown  in  Fig.   166  {b). 

From  one  scale  pan  suspend  a  hollow  cylinder  of  metal  /, 
and  below  that  a  solid  cylinder  a  of  the  same  size  as  the 
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hollow  part  of  the  upper  cylinder.  Put  weights  in  the 
other  scale  pan  until  they  exactly  balance  the  two  cylinders. 
If  a  be  immersed  in  water,  the  scale  pan  containing  the 
weights  will  descend,  showing  that  a  has  lost  some  of  its 
weight.  Now,  fill  /  with  water,  and  the  volume  of  water 
that  can  be  poured  into  /  will  equal  that  displaced  by  a. 
The  scale  pan  that  contains  the  weights  will  gradually  rise 
until  /  is  filled,  when  the  scales  balance  again. 

If  the  immersed  body  is  lighter  than  the  liquid,  the  up- 


(a) 


i.b) 


FlC.  166. 

ward  pressure  will  cause  it  to  rise  and  extend  partly  out  of 
the  liquid,  until  the  weight  of  the  body  and  the  weight  of 
the  liquid  displaced  are  equal.  If  the  immersed  body  is 
heavier  than  the  liquid,  the  downward  pressure  plus  the 
weight  of  the  body  will  be  greater  than  the  upward  pres- 
sure, and  the  body  will  fall  downwards  until  it  touches 
bottom  or  meets  an  obstruction.  If  the  weights  of  equal 
volumes  of  the  liquid  and  the  body  are  etpial,  the  body  will 
remain  stationary,  and  be  in  equilibrium  in  any  position  or 
at  any  depth  beneath  the  surface  of  the  liquid. 

An  interesting  experiment  in  confirmation  of  the  above 
facts  may  be  performed  as  follows:  Drop  an  Q^g  into  a  glass 
jar  filled  with  fresh  water.     The  mean  density  of  the  egg 
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being  a  little  greater  than  that  of  water,  the  egg  will  fall  to 
the  bottom  of  the  jar.  Now,  dissolve  salt  in  the  water, 
stirring  it  so  as  to  mix  the  fresh  and  salt  water.  The 
salt  water  will  presently  become  denser  than  the  egg,  and 
the  egg  will  rise.  Now,  if  fresh  water  be  poured  in  until 
the  egg  and  water  have  the  same  density,  the  egg  will  re- 
main stationary  in  any  position  that  it  may  be  placed  below 
the  surface  of  the  water. 

BXAMPLBS  FOR   PRACTICE. 

1.  The  diameter  of  the  plunger  of  a  hydraulic  press  used  in  an 
engineering  establishment  is  12'.  Water  is  forced  into  the  cylinder  of 
the  press  by  means  of  a  small  pump  having  a  plunger  whose  diameter 
is  i\  and  stroke  is  4'.  What  pressure  is  exerted  by  the  large  plunger, 
when  the  force  acting  on  the  small  plunger  is  125  pounds  ? 

Ans.  32.0001b. 

2.  If  the  small  plunger,  in  the  last  example,  makes  96  working 
strokes  per  minute,  (a)  how  long  will  it  take  the  large  plunger  to  move 
8'  ?    (d)  What  is  the  velocity  ratio  ?  ^^^   (  (a)  5^  min. 

*  i  (b)  256  :  1. 

8.     A  vertical  pipe,  88  feet  high,  is  filled  with  water ;  {a)  what  is  the 

pressure  on  bottom  ?    {b)  If  the  diameter  of  the  pipe  is  8',  what  is  the 

total  pressure  on  a  strip,  2^'  high,  whose  center  of  gravity  is  21  feet 

from  the  bottom  ?  .        ( (rt)  38.2  lb.  per  sq.  in.,  nearly. 

*  \  {b)  1,827.03  lb. 
4.     A  sphere,  16'  in  diameter,  is  submerged  in  water  with  its  center 
of  gravity  43  ft.  8'  below  the  surface.     What  is  (a)  the  total  lateral 
pressure  ?    (b)  the  total  pressure  ?  * -.«  i  (^)  '7,620.8  lb. 

I  (b)  15,241.61b. 

SPECIFIC  GRAVITY. 

982.  In  Art.  963  it  was  stated  that  the  specific  grav- 
ity of  a  body  was  the  ratio  between  the  weight  of  the  body 
and  the  weight  of  an  equal  volume  of  water,  but  no  meth- 
ods were  given  for  finding  this  ratio.  Some  of  these  methods 
will  now  be  explained. 

Archimedes'  principle  affords  an  easy  and  accurate 
method  of  finding  the  specific  gravity  of  solids  not  easily 
soluble  in  water.  Weigh  the  body  in  air;  then,  weigh  the 
body  in  water,  suspending  it  by  a  string,  and  attaching  the 
string  to  a  scale  pan  in  place  of  the  two  cylinders  shown  in 
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Fig.  166  (6).  The  difference  betiveen  the  two  weights  will  be 
the  weight  of  an  equal  volume  of  water.  The  ratio  of  the 
weight  in  air  to  the  difference  thus  found  will  be  the  specific 
gravity.     The  abbreviation  for  specific  gravity  is  Sp.  Gr. 

Let  W  be  the  weight  of  the  solid  in  air  and  W  the  weight 
in  water;  then  IV—  W  =  the  weight  of  a  volume  of  water 
equal  to  the  volume  of  the  solid,  and 

SP-Gr.=  jp^.  (27.) 

Example. — A  body  in  air  weighs  36^  ounces  and  in  water  30  ounces; 
what  is  its  specific  gravity  ? 

Solution. — Substituting  in  formula  27, 

983.  If  the  body  is  lighter  than  water,  a  piece  of  iron 
or  other  heavy  substance  must  be  attached  to  it,  sufficiently 
heavy  to  sink  both.  Then^  weigh  both  bodies  in  air  and  both 
in  ivater.  Weigh  both  separately  in  air,  and  iveigh  the 
heavier  body  in  water.  Subtract  the  weights  of  the  bodies  in 
air  ajid  in  water ^  and  the  result  will  be  the  ivcight  of  a 
volume  of  the  water  equal  to  the  volume  of  the  two  bodies. 
Fijid  the  difference  of  the  iveights  of  the  heavy  body  in  air 
afid  in  water,  ajid  the  result  will  be  the  weight  of  a  volume 
of  water  equal  to  the  volume  of  the  heavy  body.  Subtract 
this  last  result  from  the  former,  and  the  result  will  be  the 
weight  of  a  volume  of  zuater  equal  to  the  volume  of  the  light 
body.  The  weight  of  the  light  body  in  air  divided  by  the 
weight  of  its  equal  volume  of  water  is  the  specific  gravity  of 
the  light  body. 

Let  W  =  weight  of  both  bodies  in  air; 

W  =  weight  of  both  bodies  in  water; 

w  =  weight  of  light  body  in  air; 

W^  =  weight  of  heavy  body  in  air; 

JV^  =  weight  of  heavy  body  in  water. 
Then,  the  specific  gravity  of  the  light  body  is  given  by 


Digitized  by  CjOOQIC 


HYDRAULICS.  379 

Example. — A  piece  of  cork  weighs  4.8  ounces  in  air.  A  piece  of  cast 
iron  weighs  36  ounces  in  air  and  31  ounces  in  water.  The  weight  of 
the  iron  and  cork  together  in  water  is  15.8  ounces;  what  is  the  specific 
gravity  of  the  cork  ?  of  the  cast  iron  ? 

Solution. — Substituting  in  formula  Z7a  the  values  given, 

o„  Cr ^ - i^ M  - 

op.  or.  _  ^  ^^__  ^^.^  _  ^  ^^^_  ^^^^^  -  ^^^  __  ^,.^^  __  ^^  _  ^^^  -    ,^^  - 
.24,  the  specific  gravity  of  the  cork.     Ans. 

11^  Oil 

By  formula  27,  Sp.  Gr.  =  ^^_  ^y.  =  ggirgj  =  '^•2.  the  specific 
gravity  of  the  iron.     Ans. 

984.  To  find  the  specific  gravity  of  a  liquid: 

Weigh  an  empty  flask;  fill  it  with  water ^  then  weigh  it 
and  find  the  difference  between  the  two  results;  this  will 
equal  the  weight  of  the  water,  Then^  weigh  the  flask  filled 
with  the  liquid y  and  subtract  the  zv eight  of  the  flask;  the 
result  is  the  weight  of  a  volume  of  the  liquid  equal  to  the  vol- 
ume of  the  water.  The  iv eight  of  the  liquid  divided  by  the 
weight  of  the  water  is  the  specific  gravity  of  the  liquid. 

Let  W  =  the  weight  of  the  flask  and  liquid; 
W  =  the  weight  of  the  flask  and  water ; 
w  =  the  weight  of  the  flask. 

Then,  Sp.Gr.=  -^^.  (27*.) 

Example. — If  the  weight  of  the  flask  is  8  ounces,  the  weight  when 
filled  with  water  is  38  ounces,  and  when  filled  with  alcohol  28  ounces, 
what  is  the  specific  gravity  of  the  alcohol  ? 

Solution. — Substituting  in  formula  27^, 

c     ^  IV-w       28-8       .       . 

Sp.  dr.  =  "7777 =  rr^ — ii  =  .8.     Ans. 

^  IV  —w      83  —  8 

The  method  of  finding  the  specific  gravity  of  gases  is  about 
the  same  as  that  just  given  for  liquids,  the  air  being  pumped 
out  of  the  flask  by  an  air  pump.  As  there  are  great  diffi- 
culties attending  the  operation,  the  method  will  not  be 
described. 

985.  Instruments  called  hydrometers  are  in  general 
use   for   determining    quickly  and  accurately  the    specific 
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gravities  of  liquids  and  some  forms  of  solids.     They  are  of 
two  kinds,  viz. : 

1.  Hydrometers  of  constant  weight,  as  Beaume's. 

2.  Hydrometers  of  constant  volume,  as  Nicholson's, 

A  hydrometer  of  constant  weight  is  shown  in  Fig.  167  (a). 
It  consists  of  a  glass  tube,  near  the  bottom  of  which  are  two 
bulbs.  The  lower  and  smaller  bulb  is  loaded  with  mercury 
or  shot,  so  as  to  cause  the  instrument  to  remain  in  a  verti- 
cal position  when  placed  in  the  liquid.  The  upper  bulb  is 
filled  with  air,  and  its  volume  is  such  that  the  whole  instru- 
ment is  lighter  than  an  equal  volume  of  water. 

The  point  to  which  the  hydrometer  sinks  when  placed  in 


(a)  ib) 

Fig.  167. 

water  is  usually  marked,  the  tube  being  graduated  above 
and  below  in  such  a  manner  that  the  specific  gravity  of  the 
liquid  can  be  read  directly.  It  is%  customary  to  have  two 
instruments,  one  with  the  zero  point  near  the  top  of  the 
stem  for  use  in  liquids  heavier  than  water,  and  the  other 
with  the  zero  point  near  the  bulb  for  use  in  liquids  lighter 
than  water. 

These  instruments  are  more  commonly  used  for  determin- 
ing the  degree  of  concentration  or  dilution  of  certain  liquids, 
as  acids,  alcohol,  milk,  solutions  of  sugar,  etc.,  rather  than 
their  actual  specific  gravities.      They  are  then  known  as 
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acidometers^  alcoholometers,  lactovteterSy  sacckarometers^  etc., 
according  to  the  use  to  which  they  are  put. 

986,  Nicholson's  Hydrometer. — This  instrument  is 
shown  in  Fig.  1G7  {b).  It  consists  of  a  hollow  cylinder 
carrying  at  its  lower  end  a  basket  d,  heavy  enough  to  keep 
the  apparatus  upright  when  placed  in  water.  At  the  top  of 
the  cylinder  is  a  vertical  rod,  to  which  is  attached  a  shallow 
pan  a  for  holding  weights,  etc.  The  cylinder  must  be  of 
such  size  that  the  apparatus  may  be  so  much  lighter  than 
water  that  a  certain  weight  W  must  be  placed  in  the  pan  to 
sink  it  to  a  given  point  c  on  the  rod.  The  body  whose 
specific  gravity  it  is  desired  to  find  must  weigh  less  than  W, 
It  is  placed  in  the  pan  a,  and  enough  weight  w  is  added  to 
sink  the  point  c  to  the  water-level.  It  is  evident  that  the 
weight  of  the  given  body  is  W  —  w.  The  body  is  now 
removed  from  the  pan  a  and  placed  in  the  basket  d,  an  addi- 
tional weight  being  added  to  sink  the  point  c  to  the  water- 
level.  Represent  the  weight  now  in  the  pan  by  W,  The 
difference  W  —  w  \s  the  weight  of  a  volume  of  water  equal 
to  the  volume  of  the  body.     Hence, 

W—  w 
SP-  Gr.  =  ^r^.  (27..) 

Example. — The  weight  necessary  to  sink  the  hydrometer  to  the 
point  c  is  16  ounces ;  the  weight  necessary  when  the  body  is  in  the  pan  a 
is  7.3  ounces,  and  when  the  body  is  in  the  basket  d^  10  ounces;  what  is 
the  specific  gravity  of  the  body  ? 

o     r^  W^-w       16-7.3      8.7      ^^^^       . 

SOLUTION.-Sp.  Gr.  =  jp7^3^  =  j^^t;^  =  2^  =  3.222.     Ans. 

987,  Archimedes*  principle  gives  a  very  easy  and  accu- 
rate method  of  finding  the  volume  of  an  irregularly  shaped 
body.  Thus,  subtract  its  weight  in  water  from  its  weight 
in  air,  and  divide  by  .03617 ;  the  result  will  be  in  cubic  inches, 
or  divide  by  62.5  and  the  result  will  be  in  cubic  feet. 

If  the  specific  gravity  of  the  body  is  known,  its  cubical 
contents  can  be  found  by  dividing  its  weight  by  its  specific 
gravity,  and  then  dividing  again  by  either  .03617  or  62.5. 
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Example. — A  certain  body  has  a  specific  gravity  of  4.88  and  weighs 
76  pounds ;  how  many  cubic  inches  are  there  in  the  body  ? 
76 


Solution. — 


:  =  479.72  cu.  in.     Ans. 


4.38  X  .03617  " 

Since  the  weight  of  a  cubic  foot  of  water  varies  for  differ- 
ent temperatures,  and  with  the  amount  of  impurities  it  con- 
tains, it  is  necessary  to  have  some  standard  when  getting 
the  specific  gravity.  This  standard  is  pure  distilled  water 
at  its  maximum  density,  which  occurs  at  a  temperature  of 
39.2°  Fahrenheit.  At  thi^  temperature  water  weighs 
62.425  pounds  per  cubic  foot;  but  for  ordinary  calculations 
it  is  customary  to  take  it  as  weighing  1,000  ounces,  or 
62.5  pounds,  per  cubic  foot. 


CAPILLARY  ATTRACTION. 

988.  If  a  clean  glass  rod  be  placed  vertically  in  water, 
the  water  will  be  drawn  up  around  the  tube.  (See  a,  Fig. 
168.)  If  the  same  rod  be  placed  in  mercury,  the  liquid  will 
be  depressed  instead  of  raised.  On  examination,  it  will  be 
found  that  water  wets  the  glass ^  while  mercury  does  not.  If 
the  rod  be  greased  and  placed  in  water,  the  surface  of  the 


water  will  be  depressed  about  the  rod.  If  a  clean  lead  or 
zinc  strip  be  placed  in  mercury,  the  surface  of  the  mercury 
will  be  raised  about  the  strip. 

In  the  last  two  cases,  the  greased  rod  came  out  dry^  no 
water  adhering  lo  it,  while  the  mercury  did  adhere  to  the 
lead  or  zinc  strip,  which  came  out  wet. 

In  general,  all  liquids  that  will  wet  the  solids  placed  in 
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them  will  be  lifted^  while  those  that  do  not  will  be  pushed 
down. 

These  phenomena  are  called  capillary  attraction,  be- 
cause they  are  best  shown  in  very  fine  or  hair-like  tubes.  In 
Fig.  108,  ^  is  a  glass  tube  in  water,  and  r  is  a  glass  tube  in 
mercury.  The  surface  of  the  water  in  the  tube  b  \s^  concave^ 
while  the  surface  of  the  mercury  in  the  tube  c  is  convex. 

The  amount  which  a  liquid  will  ascend  or  be  depressed 
varies  inversely  as  the  diameter  of  the  tube.  Thus,  water 
will  rise  twice  as  far  in  a  tube  ^^  of  an  inch  in  diameter  as 
in  one  ^^  of  an  inch  in  diameter. 

There  are  many  illustrations  of  capillary  action.  It  is 
capillary  attraction  that  aids  the  ascent  of  sap  in  the  pores 
of  plants.  It  lifts  the  oil  between  the  fibers  of  a  lamp  wick  to 
the  place  of  combustion.  It  enables  cloth  and  sponges  to 
take  up  moisture.  It  causes  blotting  paper  to  absorb  ink ; 
but  when  the  paper  is  sized^  its  pores  are  filled,  and  the  ink 
dries  by  evaporation.  It  is  capable  of  exerting  great  force, 
as  is  shown  in  the  effects  produced  by  the  swelling  of  wood 
and  other  substances  when  kept  wet.  Dry  wooden  wedges 
driven  into  a  groove  cut  around  a  cylinder  of  stone,  and 
occasionally  wet,  will  cause  it  to  break  asunder.  As  the 
pores  between  the  fibers  of  a  rope  run  around  it  in  spiral 
lines,  the  swelling  produced  by  wetting  a  tight  rope  will 
cause  the  fibers  to  shorten,  and  to  contract  the  rope  with 
immense  force.  

BXAMPLBS  FOR  PRACTICE. 

1.  If  a  certain  quantity  of  red  lead  weighs  5  pounds  in  air,  and  4.441 
pounds  in  water,  what  is  its  specific  gravity  ?  Ans.  8.94  4-. 

2.  A  piece  of  iron  weighing  1  pound  in  air  and  .861  pound  in  water 
is  attached  to  a  piece  of  wood  weighing  1  pound  in  air.  When  both 
bodies  are  placed  in  water  they  weigh  .2  pound.  What  is  {a)  the 
specific  gravity  of  the  iron?    {b)  of  the  wood  ?  a«o  ^  W  7.194. 

^"'-  \  (b)  .602. 

8.  An  empty  fiask  weighed  13  oz. ;  when  filled  with  water,  it  weighed 
22  oz.,  and  when  filled  with  sulphuric  acid,  29.56  oz.  What  was  the 
specific  gravity  of  the  acid  ?  Ans.  1.84. 

4.  How  many  cubic  feet  of  brick,  having  a  specific  gravity  of  1.9, 
are  required  to  weigh  260  pounds  ?  Ans.  2.19  cu.  ft.,  nearly. 
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HYDROKINETICS. 


THE    MEAN    VELOCITY. 
989.     Hydrokinetics,  also    called    hydrodynamics 

and  hydraulics,  treats  of  water  in  motion.     The  velocity 
is  not  the  same  at  all  points  of  the  flow,  unless  all  cross- 
sections  of    the  pipe,  or  canal,   are  equal.     That   velocity 
which,  being  multiplied  by  the  area  of  the  cross-section  of  the 
stream^  will  equal  the  total  quantity  discharged  \s  called  the 
mean  velocity. 
Let  Q  =  the   quantity   in   cubic   feet   which   passes   any 
section  in  1  second; 
A  =  the  area  of  the  section  in  square  feet ; 
v„  =  the  mean  velocity  in  feet  per  second. 

Then,  Q  =  Av^,         {2Sa.) 

and  ''-  =  Z-  ^^®*-^ 

Example. — The  area  of  a  certain  cross-section  of  a  stream  is  27.9 
square  inches;  the  mean  velocity  of  the  water  through  this  section  is 
51  feet  per  second;  what  is  the  quantity  discharged,  in  cubic  feet  ? 

27  9 
Solution. —     Q^  A  Vm  =  ytt  X  51  =  9.9  cu.  ft.  per  sec.     Ans. 

Note. —    1  square  foot  =  144  square  inches. 

Example. — In  the  last  example,  what  would  the  mean  velocity  have 
been  had  the  area  of  the  cross-section  been  36  square  inches,  to  dis- 
charge the  same  quantity  ? 

O       9  9       9  9  X  144 
Solution.—    Vm  =  -^  =  -s^  =        o^ =  39.6  ft.  per  sec.     Ans. 

144 


VELOCITY    OF    EFFLUX. 

990.  If  a  small  aperture  is  made  in  a  vessel  containing 
water,  the  velocity  with  which  the  water  issues  from  the 
vessel  is  the  same  as  if  it  had  fallen  from  the  level  of  the 
surface  to  the  level  of  the  aperture,  all  resistances  being 
neglected.     This  velocity  is  called  the  velocity  of  efflux. 

The  vertical  height  of  the  level  surface  of  the  water  above 
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th6  horizontal  line  through  the  center  of  the  aperture  is 
called  the  head.  In  Fig.  109,  a  is  the  head  for  the  aper- 
ture ^ ;  *  is  the  head  for  the  aperture  B^  and  c  is  the  head 
for  the  aperture  C. 

Let  V  =  the  velocity  of  efflux 
in  feet  per  second; 
h  =  the  head  in  feet  at 
the  aperture  con- 
sidered ; 
fF=  the  weight  of  the 
water  in  pounds 
flowing  through  this 
aperture  per  second.  Pio.  160. 

Were  it  not  for  the  resistance  of  the  air,  friction,  and  the 
effect  of  the  falling  particles,  the  issuing  water  would  spout 
to  the  level  of  the  water  in  the  vessel ;  that  is,  to  a  height 
equal  to  its  head.     The  kinetic  energy  of  the  issuing  water 

will  be  expressed  by  — — .     The  work  it  can  do  will  be  Wh, 

Since  the  kinetic  energy  equals  the  work,  -^ —  =  W h^  or 

—^-^^ 
V  =  ^Igh  ;  that  is,  the  velocity  of  efflux  is  the  same  as  if 

the  same  weight  of  water  had  fallen  through  a  height  equal 

to  its  head. 

Example. — A  small  orifice  is  made  in  a  pipe  50  feet  below  the  water 
level ;  what  is  the  velocity  of  the  issuing  water  ? 

Solution. —    v  =  ^2g  h  =  \^%  x  32. 16  x  -"iO  =  56.7  ft.  per  sec.    Ans. 

From  the  above  formula,  as  in  the  laws  of  falling  bodies, 

V* 

//  =  T—  •     Here,  h  is  called  the  head  due  to  the  velocity  v. 
2g 

Consequently,  if  the  velocity  of  efflux  is  known,  the  head 

can  be  found. 

Example. — An  issuing  jet  of  water  has  a  velocity  of  60  feet  per 
second ;  what  is  the  head  that  causes  it  to  flow  with  this  velocity  ? 

Solution.-    >i  =_  =  ^-^^^^  .=  55.97  feet    Aa3. 
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991.  Suppose  that  a  tall  vessel  be  fitted  with  a  piston, 
and  that  it  has  an  orifice  near  the  bottom  fitted  with  a  stop- 
cock. If  an  additional  pressure  be  applied  to  the  piston,  it 
is  evident  that  the  velocity  of  efflux  will  be  increased. 

Let  /  be  the  pressure  per  unit  of  area  at  the  level  of  the 
water,  due  to  the  additional  pressure  on  the  piston.  If  the 
unit  of  area  is  one  square  inch,  the  height  of  a  column  of 

water  that  will  cause  a  pressure  equal  to  /  is  -^j  feet. 

If  the  unit  of  area  is  1  square  foot,  the  height  of  a  column 

of  water  is  -^  feet.     Denote  this  height  corresponding  to 

the  additional  pressure  by  A^,  The  original  head  of  the 
water  in  the  vessel  is  //;  hence,  //,+  //  =  the  total  head,  and 
the  velocity  of  efflux,  when  the  cock  is  opened,  will  be 


V  =  |/2^(/^,  +  //).  (29-) 

The  total  head,  //^  +  ^>  is  called  the  equivalent  head, 

and  must,  in  all  cases,  be  reduced  to  feet  before  substituting 
in  the  formula. 

Example. — The  area  of  a  piston  fitting  a  vessel  filled  with  water  is 
27.36  square  inches.  The  total  pressure  on  the  piston  is  80  pounds; 
the  weight  of  the  piston  is  25  pounds,  and  the  head  of  the  water  at  the 
level  of  the  orifice  is  6  feet  10  inches;  what  is  the  velocity  of  the  efflux, 
assuming  that  there  are  no  resistances  ? 

Solution. —    80  +  25  =  105  lb.  =  the  total  pressure  on  the  upper  sur- 

105 
face  of  the  liquid.     k^T^  ~  3.8377  lb.  per  sq.  in. 

Q  QQ77 

'  =  8.8426  feet  =  head  in  feet  due  to  the  pressure  of  105  pounds= 

Ai.     6  ft.  10  in.  =  6.8333  ft.  =  A 


V  =  i/2^-(//,-H  A)  =  ^2j;-{S.U2Q  +  6.8333)  =  ^^2  X  32.16  X  15.6759  = 
81.75  ft.  per  sec.     Ans. 

992.  When  water  issues  from  the  side  of  a  vessel,  it 
will  be  subjected  to  the  same  laws  that  govern  pro- 
jectiles. The  range  may  be  calculated  in  the  same  manner 
by  taking  the  velocity  of  efflux  as  the  initial  velocity  of  the 
projectile. 
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The  range  may  be  calculated  more  conveniently  by  the 
following  formula  : 

i?=|/0>,  (30.) 

in  which  R  is  the  range,  A  is  the  head,  or  equivalent  head  at 
the  level  of  the  orifice,  and  y  is  the  vertical  height  of  the 
orifice  above  the  point  where  the  water  strikes,  all  dimen- 
sions being  in  feet.     In  Fig.   170,  the  upper  surface  of  the 


FlO.  170. 

water  is  free.     For  the  orifice  Eyh=-  B  E  and  y  =  E  A\   for 
the  orifice  C,  h  =  B  Cand  y  =  C A, 

The  greatest  range  is  obtained  when  h=y\  that  is,  when 
the  orifice  is  half  way  between  the  upper  surface  of  the 
water  and  the  level  of  the  place  where  the  stream  strikes. 
If  two  orifices  are  situated  equally  distant  from  the  middle 
orifice,  giving  the  greatest  range,  as  C  and  E  in  Fig.  170, 
the  ranges  of  the  water  issuing  from  them  will  be  equal. 

Example. — The  vertical  height  above  the  ground  of  the  surface  of 
the  water  in  a  vessel  is  12  feet.  If  an  orifice  is  situated  4  feet  from  the 
upper  surface,  what  is  the  range  ?  What  is  the  greatest  range  ?  Where 
is  the  other  point  of  equal  range  ? 

Solution. —    R=  |/4  hy  =  f/4  x  4  x  «  =  1131  ft.,  nearly.     Ans. 

Greatest  range  =  ^^4  X  6  x^=  12  feet.     Ans. 

6  —  4  =  2;  hence,  the  point  of  equal  range  is  6  -f  2  =  8  feet  below  the 
surface  of  the  water. 


Proof.— Range  =  ^4:hy=  f/4  x  8  x  4  =  11.31  ft.,  as  before. 
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993.  When  the  water  flows  through  an  orifice  of  large 
size  in  the  bottom  of  the  vessel,  compared  with  the  area  of 
the  base,  a  different  rule  must  be  used  from 
that  given  above.  In  Fig.  171,  suppose  that 
the  area  of  the  orifice  in  the  bottom  of  the 
vessel  is  a,  and  that  the  area  of  the  bottom 
is  A ;  then,  the  velocity  v  is  expressed  by 
the  formula 


Ha-H 


..=     /f^.  (31.) 

That  is,  the  velocity  of  efflux  from   the 
bottom  of  a  vessel^  in  feet  per  second^  equals 
Pig.  171.  the  square  root  of  2  g  times  the  head,  divided 

by  1  minus  the  ratio  of  the  square  of  the  area  of  the  orifice 
to  the  square  of  the  area  of  the  bottom. 

The  value  of  v  given  in  the  last  formula  is  always  greater 
than  the  theoretical  velocity  that  would  be  produced  by  the 
head  //,  where  h  is  the  depth  of  the  orifice  below  the  surface 
of  the  water  in  the  vessel.  This  increase  is  due  to  the  fact 
that,  in  order  to  keep  the  vessel  full,  that  is,  in  order  to  keep 
the  head  //  constant,  a  quantity  of  water  must  flow  in  at  the 
top  equal  to  the  quantity  discharged  at  the  orifice.  The 
head  equivalent  to  the  velocity  of  this  entering  water  must 
be  added  to  the  head  //  in  order  to  obtain  the  actual  head 
producing  flow  from  the  orifice,  and  the  value  of  v  given  by 
the  formula  is  the  velocity  produced  by  the  sum  of  the  two 
heads. 

If  the  area  of  the  cross-section  of  the  base  is  more 
than  20  times  the  area  of  the  orifice,  use  the  formula 
7/=  J^^gh.     That  is, 

Rule. —  The  velocity  of  efflux  from  a  small  orifice^  when 
the  cr OSS-sec tio7ia I  area  of  the  vessel  is  equal  to,  or  more  than, 
twenty  times  the  area  of  the  orifice,  equals  the  square  root  of 
2  g  times  the  head. 

Example. — A  vessel  has  a  rectangular  cross-section,  11  x  14  inches, 
and  the  upper  surface  of  the  water  is  14  feet  above  the  bottom.     If  an 
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orifice  4  inches  square  is  made  in  the  bottom  of  the  vessel,  what  is  the 
velocity  of  the  efflux  ? 

Solution. — Area  of  the  cross-section  is  14  X  11  =  154  sq.  in.  Area 
of  orifice  is  4  x  4  =  16  sq.  in.  Since  154  -h  16  =  9t,  the  area  of  the  base 
is  less  than  20  times  the  area  of  the  orifice;  hence,  using  formula  31, 


•    %gh              /2X  82.16X14      o^.-^r. 
— ^— r-  =     /  "^ ^  „V      =30.17  ft.  per  sec. 


Example. — If  the  orifice  had  been  2  inches  square  in  the  above 
example,  what  would  the  velocity  of  efflux  have  been  ?  Also,  if  it  had 
been  8  inches  square  ? 

Solution. —  2  inches  x  2  inches  =  4  sq.  in.,  or  the  area  of  the  orifice. 
Since  154  -♦-  4  =  88^,  the  area  of  the  base  is  greater  than  20  times  the 
area  of  the  orifice ;  hence,  using  the  last  rule, 

V  =  4/2^  =  4/2"x"32.T6  x'lT=  30.008  feet  per  second.     Ans. 

8  inches  X  8  inches  =  64  square  inches,  or  the  area  of  the  orifice  in 
the  second  case. 


V  =      /-^^A-  =     f^^^^'^l,^  ^^  =  82.99  feet  per  second ;   practi- 


A^         ^  154« 

cally,  83  feet  per  second.     Ans. 


THE  STANDARD  ORIFICE. 

994«  An  orifice  in  the  side  or  bottom  of  a  vessel  or 
reservoir,  and  at  a  distance  below  the  surface  of  the  water, 
is  called  a  standard  orifice  when  the  flow  through  it 
takes  place  in  such  a  manner  that  the  jet  touches  the 
opening  on  the  inside  edge  only.  A  hole  in  a  thin  plate,  as 
at  (^),  Fig.  172,  is  such  an  orifice,  as  is  also  a  square-edged 
hole  in  the  side  of  the  vessel,  as  at  {b),  when  the  thickness 
of  the  side  is  not  so  great  that  the  jet  touches  it  beyond 
the  inner  edge.  If  the  sides  of  the  reservoir  are  very 
thick,  a  standard  orifice  can  be  made  by  beveling  the  outer 
edges,  as  shown  at  (c). 

When  a  jet  issues  from  such  an  orifice,  it  contracts  so 
that  the  diameter  is  least  at  a  distance  from  the  edge 
equal  to  about  one-half  the  diameter  of  the  orifice.  Beyond 
this  point  the  jet  gradually  enlarges,  and  gradually  be- 
comes broken  by  the  effect  of  the  resistance  of  the  air. 

The   coefficient  of   contraction   is   the   number   by 
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which  the  area  of  the  orifice  is  to  be  multiplied  in  order  to 
obtain  the  least  cross-section  of  the  jet.  Experiments  on 
jets  from  standard  orifices  have  given  values  for  this  coeffi- 
cient varying   from  .57  to  .71.     The  most  probable  mean 

value  is  about  .02. 

The  coefflcient  of  velocity 
is  the  number  by  which  the  theo- 
retical velocity  must  be  multiplied 
in  order  to  obtain  the  actual  maxi- 
mum velocity,  or  velocity  where 
the  cross-section  of  the  jet  is  least. 
If  7/  is  the  theoretical  velocity, 
7''  the  actual  velocity,  and  c'  the 
coefficient  of  velocity,  we  have 
the  formula 


7/  =  r'  V  =  c'  \/¥gh,  (32-) 

It  is  found  that  c'  is  greater  for 
high  heads  than  for  low,  and  values 
ranging  from  .975  to  nearly  1 
have  been  obtained  by  different 
experimenters.  An  average  value 
usually  taken  is  ,98. 

Example. — What  is  the  actual  veloc- 
ity of  discharge  from  a  small  standard 
orifice  in   the   side  of  a  vessel,    if  the 
head  is  20  feet  ? 
Solution. — 

7/  =  c  V2^  =  .98  4/2x32.16x20= 
p,Q  yj2,  35.15  ft.  per  second.     Ans. 

Use  of  Logarithms.— Most  of  the  problems  occurring 
in  hydraulics  involve  the  operations  of  multiplication,  divi- 
sion, involution,  and  evolution  in  such  a  way  that  they  are 
most  readily  solved  by  the  use  of  logarithms.  The  student 
should,  therefore,  review  the  section  on  logarithms  care- 
fully and  learn  to  apply  them  at  once  in  the  solution  of  the 
problems  given  in  this  section. 

Example. — Solve  the  last  example  by  the  use  of  logarithms. 
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Solution. — First  find  the  logarithm  of  the  product  of  the  numbers 
under  the  radical  sig^  from  the  table  of  logarithms,  as  follows: 
log    2      =    .30103 
log  32.16  =1.50732 
log  20       =1.30103 

8.10988 
The  logarithm  of  the  square  root  of  the  above  product  is  found 
by  dividing  its  logarithm  by  2 ;  thus, 

log  V2X^2.16X20  =  3.10988  -h  2  =  1.55469. 

Finally,   the  logarithm  of  the  product  of  .98  multiplied  by  the 

quantity  under  the  radical  sign  is  the  sum  of  the  logarithm  of  .98  and 

1.55469,  orT.99123  +  1.55469  =  1.54592.     From  the  table  of  Logarithms, 

the  number  corresponding  to  this  logarithm  is  found  to  be  35.15.  Ans. 

It  was  shown  in  Art.  989  that  the  theoretical  discharge 
from  an  orifice  whose  area  is  ^  is  Q=^a  v^^  where  v^  is  the 
theoretical  mean  velocity  due  to  the  head. 

The  actual  discharge  is,  in  the  same  way,  Q'  =  a'  7'\  in 
which  a'  is  the  area  and  z/  the  mean  velocity  where  the 
cross-section  of  the  jet  is  least. 

The  coefficient  of  dlHcharf^e  is  the  number  by  which 
the  theoretical  discharge  is  to  be  multiplied  to  jrive  the 
actual  discharge.  Let  c"  be  this  factor;  then  Q'  =  c"  Q  = 
a'v'  =  .(S%a  X  .08  7'=  .007G^t^=  .mi(ja\^2gh. 

Since  the  coefficients  of  contraction  and  velocity  vary,  it 
is  evident  that  the  coefficient  of  discharge  varies  also.  As 
an  average  value  we  may  take  c"  =  .01,  and  we  then  have 

Q':=:zc''Q=^c''a  ^igli  =  .  01  ^  4/2^//.  (33.) 

Example. — What  will  be  the  actual  discharge  from  a  circular 
standard  orifice  8  inches  in  diameter  under  a  head  of  25  feet  ? 

Solution.— The  area  of  a  8-inch  circle  =  .7854  X  8«  =  7.0«86  square 

inches  =   '  ^     =  .049  square  foot. 

Q-c'  a  ^2^^  =  .61  X  .049  4/2x"337i6x25  =  1.1985  cu.  ft.  per  second. 

Ans. 

995.  Standard  orifices  are  sometimes  used  to  measure 
the  quantity  of  water  flowing  in  a  stream  or  from  a  pipe  or 
other  channel.  When  used  for  this  purpose  they  are  either 
circular,  square,  or  recCansular.     The   coefficient  of 
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discharge  varies  for  each  of  these  forms,  and  is  also  differ- 
ent for  different  heads  and  areas  of  orifice. 

996.  For  a  circular  orifice  the  discharge  in  cubic  feet 
per  second  may  be  obtained  from  the  formula 

(2  =  .7854^/V4/2^=6,299^V4/A.  (34^.) 

Here  d  is  the  diameter  of  the  orifice  in  feet,  //  the  head  on 
the  center  of  the  orifice  in  feet,  and  c  a  coefficient  that  de- 
pends on  d  and  h  and  is  to  be  taken  from  the  table  of  Co- 
efficients for  Circular  Vertical  Orifices. 

For  values  of  d  and  //  between  those  given  in  the  table  the 
value  of  c  may  be  found  by  interpolation,  but  for  most  cases 
the  value  of  c  corresponding  to  the  nearest  values  of  d  and 
h  will  be  near  enough  for  practical  purposes. 

Example. — ^What  is  the  discharge  from  a  circular  orifice  H  inches 
in  diameter,  if  the  head  is  7  feet  ? 

Solution. — The  diameter  of  the  orifice  is  .125  foot;  from  the  table 
of  Coefficients  for  Circular  Vertical  Orifices,  the  coefficient  is  found  to 
be  ,600  for  an  orifice  .10  foot  in  diameter  under  a  head  of  6  feet,  and 
the  same  for  a  head  of  8  feet.  In  the  same  way,  the  coefficient  for  a 
diameter  of  .2  foot  is  .598  from  6  feet  to  8  feet  head.  For  an  orifice 
.125  foot  in  diameter,  the  coefficient  is  .600  —  (.002  X  .25)  =  .5995. 

From  the  formula 

Q  =  6.299  X  .125*  X  .5995  ^7"=  .15611  cubic  foot  per  second. 

If  we  use  the  nearest  value  of  c  given  in  the  table,  the  result  is 
Q  =  6.299  X  .125*  X  6  \/T=  .15623, 
a  result  that  differs  from  the  first  by  about  .08  of  1  per  cent.,  which  is 
much  less  than  the  probable  errors  in  measuring  A  and  d. 

Note. — The  values  of  the  constants  and  coefficients  used  in  the 
formulas  for  the  flow  of  water  are  average  values  determined  from 
experiment,  and  are,  therefore,  only  approximately  correct.  In  prac- 
tice it  is  useless  to  use  more  than  four  decimal  places,  and  in  most 
cases  three  are  enough. 

997.  The  discharge  for  a  square  vertical  orifice  is  given 
by  the  formula 

Q  =  cd^i/2y7i  =  S.02cd^i/7i,  (34/J.) 

Here  d  is  the  length  in  feet  of  one  side  of  the  orifice,  /i  is  the 
head  in  feet  on  the  center  of  the  orifice,  Q  is  the  discharge  in 
cubic  feet  per  second,  and  ^  is  a  coefficient  that  depends  on 
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h  and  d.  The  values  of  c  for  different  values  of  h  and  d  are 
to  be  taken  from  the  table  of  Coefficients  for  Square  Vertical 
Orifices. 

998.  For  rectangular  orifices  the  discharge  in  cubic  feet 
per  second  is  given  by  the  formula 

in  which  b  is  the  breadth  of  the  orifice,  //,  the  head  measured 
from  the  upper  edge  of  the  orifice,  and  h^  the  head  measured 
from  the  lower  edge,  all  in  feet. 

If  d  is  the  depth  of  the  orifice  in  feet,  and  h  the  head  in 
feet,  on  its  center,  the  discharge,  when  //  is  greater  than  4  dy 
may  be  taken  from  the  formula 

Q^cb  d^¥gh  =  8. 02  cbd*/h.  (34^. ) 

For  approximate  computations  the  value  of  c  that  may  be 
used  in  formulas  34r  and  34^  is  ^=  .015.  The  table  of 
Coefficients  for  Rectangular  Vertical  Orifices  gives  average 
values  of  c  for  orifices  1  foot  wide  with  different  values  of  d 
and  h. 

Example. — A  rectangular  orifice  has  a  depth  d  =  2  feet  and  a 
breadth  ^  =  3  feet.  The  depth  of  the  top  edge  below  the  surface  of 
the  water  is  5  feet ;  what  is  the  discharge  in  cubic  feet  per  minute  ? 

Solution. — Use  formula  34r;  ^i  =  5;  ^3  =  5  + 2  =  7;  Q  =  Mhx 
\b)^(^J?  -  V/h^)  '-=  .615  X  f  X  3  X  4/2^<^.T6(i/7«  -  J^h^)  =  72.41 
feet  per  second  =  72.41  X  60  =  4,344.6  cu.  ft.  per  minute.     Ans. 

Example. — A  dam  across  a  stream  has  an  opening  closed  by  a  sluice 
gate,  see  Fig.  178  {a\  in  such  a  way  that  the  gate  when  opened  forms  a 
practical  standard  orifice  of  rectangular  cross-section.  The  width  of 
the  opening  is  1  foot,  and  it  is  found  that  the  dam  is  kept  just  filled 
when  the  gate  is  ojjened  9  inches.  What  is  the  rate  of  flow  of  the 
stream,  if  the  center  of  the  opening  is  6  feet  below  the  surface  of  the 
water  in  the  dam  ? 

Solution. — From  the  table  of  Coeflicients  for  Standard  Rectangular 
Vertical  Orifices,  we  find  that  the  value  of  c"  for  an  orifice  1  foot  wide 
and  .75  foot  in  depth  to  be  .604  when  the  head  is  6  feet.  Since  the 
head  is  more  than  four  times  the  depth,  formula  34^/  may  be  used, 
from  which  we  have 

Q  =  8.02  X  .604  X  1  X  .75  ^W=  8.9  cu.  ft.  per  second.     Ans. 
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999.  If  the  orifice  is  made  at  the  side  of  the  reservoir, 
as  shown  at  a^  Fig.  173  (^),  or  at  the  bottom,  as  shown  at  b^ 
the  contraction  of  the  steam  is  reduced  and  the  discharge 
increased.     Experiments  show  an  increase  in  the  discharge 


ra> 


re;  (d)  (^) 

Fig.  173. 

of  about  3.5  per  cent,  for  a,  and  from  6  to  12  per  cent,  for  b. 
These  values  have  not  been  accurately  determined,  and  where 
accurate  measurements  are  to  be  made  the  orifice  should 
always  be  arranged  as  shown  in  Fig.  172. 

If  the  inner  edge  of  the  orifice  is  rounded,  as  shown  in 
Fig.  173  {c)  and  (^),  the  coefficient  of  discharge  is  increased, 
and  may  be  made  nearly  1,  if  the  edge  is  rounded  as  shown 
at  {d).  Orifices  with  rounded  edges  should  never  be  used 
for  measuring  water. 

An  example  of  a  submerged  rectangular  orifice  is 
shown  in  Fig.  173  (r).  The  discharge  is  given  by  the 
formula 

Q  =  .^Xbbd^^lgK,  (34r.) 
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where  h^  is  the  difference  in  level  of  the  water  on  the  two 
sides  of  the  orifice,  b  is  the  breadth  of  the  orifice,  and  d  its 
depth,  all  in  feet.  

EXAMPLES  FOR   PRACTICE. 

1.  What  is  the  discharge  in  cubic  feet  per  minute  from  a  standard 
circular  orifice  whose  diameter  is  2^  inches,  if  the  head  is  20  feet  ? 

Ans.  43.71  cu.  ft.  per  min. 

2.  A  square  orifice  in  the  side  of  a  reservoir  measures  .2  foot  on 
each  side,  and  the  head  on  the  center  is  22  feet ;  what  is  the  discharge 
in  cubic  feet  per  second  ?  Ans.  .9058  cu.  ft.  per  sec. 

3.  What  is  the  discharge  from  a  rectangular  orifice  1  foot  wide,  if 
the  head  on  the  upper  edge  is  2^  feet  and  the  depth  of  the  orifice 
10^  inches  ?  Ans.  7.302  cu.  ft.  per  sec. 

4.  What  is  the  approximate  discharge  from  a  rectangular  gate  in 
the  side  of  a  dam  when  the  breadth  is  15  inches,  the  depth  6  inches, 
and  the  head  on  the  upper  edge  4^  feet  ?  Use  the  approximate 
coefficient  of  discharge,  c  —  .615.  Ans.  6.72  cu.  ft.  per  sec. 

5.  What  is  the  discharge  from  a  submerged  rectangular  orifice  1| 
feet  wide  and  1  foot  deep,  if  the  difference  in  the  level  of  the  water  on 
the  two  sides  of  the  orifice  is  3|  feet  ?  Ans.  13.84  cu.  ft.  per  sec. 


IVEIRS. 

1000.  A  weir  is  an  obstruction  placed  across  a  stream 
for  the  purpose  of  diverting  the  water,  so  as  to  make  it  flow 
through  a  desired  channel.  This  channel  may  be  a  notch 
or  opening  in  the  obstruction  itself,  and  it  has  been  found 
that,  when  properly  constructed  and  carefully  managed, 
such  a  weir  forms  one  of  the  most  convenient  and  accurate 
devices  for  measuring  the  discharge  of  streams. 

Many  careful  experiments  have  been  made  to  determine 
the  quantity  of  water  that  will  now  over  different  forms  of 
weirs  under  varying  conditions.  As  the  result  of  these 
experiments  two  forms  have  come  to  be  generally  used,  and 
the  amount  of  flow  in  any  particular  case  is  determined  by 
simple  formulas  and  tabulated  coefficients  that  depend  on 
observed  conditions. 

1001.  A  weir  Mrltli  end  contractions  is  shown  in 
Fig.  174  (a).      The   notch  is  narrower  than   the  channel 
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through  which  the  water  flows;  this  causes  a  contraction  at 
the  bottom  and  at  the  two  ends  of  the  issuing  stream. 

1002.     A    Mreir    without    end   contractions,    also 
called   a  'w^ler  ^wltli  end  contractions  suppressed,   is 


(c> 


mS/'/ 


(b) 


Fig.  174. 


shown  in  Fig.  174  {b).  In  this  case  the  notch  is  as  wide  as 
the  channel  leading  to  it ;  consequently,  the  issuing  stream 
is  contracted  at  the  bottom  only. 

1003.  The  edge  a  of  the  notch,  Fig.  174  {c)  and  {d), 
is  called  the  crest  of  the  'weir.  The  inner  edges  of  the 
notch  are  made  sharp,  so  that  the  water  in  passing  through 
it  touches  only  along  a  line.  For  very  accurate  work  the 
edges,  both  vertical  and  horizontal,  should  be  made  with  a 
thin  plate  of  metal  having  a  sharp  inner  edge,  as  shown  in 
Fig.  174  (r) ;  but  for  ordinary  work,  the  edges  of  the  board 
in  which  the  notch  is  cut  may  be  chamfered  off  to  an  angle 
of  about  30°,  as  shown  at  {d). 

The  bottom  edge  of  the  notch  must  be  straight  and  set 
perfectly  level,  and  the  sides  must  be  set  carefully  at  right 
angles  to  the  bottom. 

The  head  H  producing  the  flow,  Fig.  174  {c)  and  {d), 
is  the  vertical  distance  from  the  crest  to  the  surface  of  the 
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water.  It  must  be  measured  at  a  point  so  far  from  the  crest 
that  the  curvature  of  the  flowing  water  will  not  affect  the 
measurement. 

The  distance  from  the  crest  of  the  weir  to  the  bottom  of 
the  feeding  canal  or  reservoir  should  be  at  least  three  times 
the  head ;  and,  with  a  weir  having  end  contractions,  the  dis- 
tance from  the  vertical  edges  to  the  sides  of  the  canal  should 
also  be  at  least  three  times  the  head. 

The  water  must  approach  the  weir  quietly,  and  with  little 
velocity.  It  is  sometimes  necessary  to  provide  means  for 
reducing  the  velocity  of  the  water  as  it  approaches  the  weir. 

1004.  Fig.  175  shows  a  simple  form  of  weir  located  in 
a  small  stream  for  the  purpose  of  measuring  its  discharge. 

A  plank  dam  is  put  across  the  stream  at  a  convenient 
point,  care  being  taken  to  prevent  any  leakage  under  or 


PlO.   176. 

around  the  dam.  The  length  of  the  notch  is  great  enough 
to  provide  for  the  flow  with  a  head  of  between  .5  and  1.5 
feet.  A  stake  E  is  driven  firmly  into  the  ground  at  a 
point  about  6  feet  up  the  stream  from  the  weir  and  near  the 
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Fig.  176. 


bank,  as  shown.  The  stake  is 
driven  until  its  top  is  at  exactly 
the  same  level  as  the  crest  B,  The 
head  is  the  vertical  distance  from 
the  top  of  this  stake  to  the  surface 
of  the  water  and  it  may  be  meas- 
ured by  a  square  or  two-foot  rule, 
as  shown  in  the  figure. 


THE  HOOK  GAUGB. 

1 006.  For  accurate  weir 
measurements,  such  as  are  made 
in  testing  the  efficiency  of  water- 
wheels,  the  head  on  the  crest  is 
measured  with  an  instrument 
called  a  hook  g^ausre ;  see  Fig. 
176.  A  hook  a  is  attached  to  the 
lower  end  of  a  sliding  scale  b.  The 
scale  is  graduated  to  hundredths  of 
a  foot  and  is  provided  with  a  ver- 
nier by  means  of  which  it  can  be 
read  to  thousandths.  The  scale  and 
hook  can  be  raised  or  lowered  by 
means  of  the  screw  s.  The  instru- 
ment is  fastened  securely  to  solid 
and  substantial  beams  or  masonry, 
at  a  point  over  the  water  a  few 
feet  up-stream  from  the  weir,  and 
where  the  surface  of  the  water  is 
quiet  and  protected  from  the  influ- 
ence of  wind  or  eddies.  The  gauge 
is  set  so  that  the  scale  will  read 
zero  when  the  point  of  the  hook  is 
at  the  same  level  as  the  crest  of 
the  weir.  When  the  point  of  the 
hook  is  raised  to  the  surface  of  the 
water,  it  lifts  the  surface  slightly 
before  breaking  through.     To  use 
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the  gauge,  start  with  the  hook  below  the  surface  of  the 
water  and  raise  it  slowly  until  a  slight  pimple,  caused  by  the 
lifting  of  the  surface,  appears  over  the  point ;  the  reading 
of  the  scale  for  this  position  of  the  hook  gives  the  head  on 
the  crest. 

THB  DISCHARGB  OP  IVBIRS. 

1006.  When  the  dimensions  of  the  notch  and  the  head 
on  the  crest  of  a  weir  are  known,  the  discharge  can  be  com- 
puted by  means  of  the  following  formulas  and  tables  of  co- 
efl&cients : 

Let   /  =  length  of  the  weir ; 
If  =  measured  head ; 
V  =  velocity  with  which  the  water  approaches  the 

weir; 
A  =  head  equivalent  to  the  velocity  with  which  the 

water  approaches  the  weir; 
c  =  coefficient  of  discharge; 
Q  =  theoretical  discharge; 
Q'  =  actual  discharge.  . 

The  theoretical  discharge  per  second  is 

Q  =  iV^n/f+/i)K  (35«.) 

If  there  is  no  velocity  of  approach,  this  becomes 

e  =  f|/2i^///«.  (35^.) 

The  actual  discharge  for  weirs  without  end  contractions  is 
given  by  the  formulas 

<2'  =  ^(iV^)/(//'+i//)»=5.347r/(//+t/0',  (36«) 

and       Q'  =  c{iV2r^)lN*=5.Si7c///K  (36*.) 

For  weirs  with  end  contractions,  the  formulas  are 

Q'=cii/^/{f/+  1.4/;)'  =  5.347r/(//+  1.4/0*.       {37a.) 

and         <2'  =  ^|4/^///*  =  5.347r///'.  (37*.) 
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Example.— What  is  the  discharge  of  the  stream  in  Fig.  175,  if  the 
length  of  the  weir  is  5  feet,  the  head  10^  inches,  the  coefficient  of  dis- 
charge .603,  and  the  velocity  of  approach  —  0  ? 

Solution. — Applying  formula  37^,  we  have 
Q'  =  .603  X  5.347  X  5  X  -8753  =  13.1934  cu.  ft.  per  second.     Ans. 

1 007.     The  velocity  of  approach  is  the  mean  velocity 

with  which  the  water  flows  through  the  canal  leading  to  the 

weir.     If  A  is  the  area  of  the  cross-section  of  the  water  in 

0' 
this  canal,  we  have  z'  =  -^,  from  which  we  see  that  Q'  must 

be  determined  approximately  by  assuming  z'  =  0,  and  then 
use  this  value  of  Q'  to  find  v.  V  may  also  be  measured 
approximately  by  means  of  a  float  on  the  water  in  the 
canal  or  stream. 

Having  found  v^  we  have  the  equivalent  head,  h  =  ^-;.= 

.01555  v\  See  Arts.  990  and  991.  Since  v  is  small  with 
a  properly  constructed  weir,  it  is  usually  neglected,  unless 
great  accuracy  is  required. 

The  table  of  Coefficients  for  Weirs  with  End  Contractions 
gives  values  of  the  coefficient  of  discharge  c  for  weirs  with 
end  contractions  and  different  values  of  //  and  /. 

The  table  of  Coefficients  for  Weirs  Without  End  Contrac- 
tions gives  values  for  c  for  weirs  without  end  contractions. 

Weirs  with  end  contractions  are  more  often  used  and  are 
to  be  recommended  in  most  cases. 

Values  of  c  for  values  of  //  and  /  between  those  given  in 
the  tables  can  be  found  by  interpolating,  assuming  that  the  , 
variation  is  uniform  between  the  values  given. 

Example  1. — What  is  the  discharge  from  a  weir  with  end  contrac- 
tions under  the  following  conditions:  The  length  of  the  weir  is  4  feet 
1^  inches,  and  the  measured  head  10^^  inches  ?  Assume  that  there  is 
no  velocity  of  approach. 

Solution. — The  length  /  of  the  weir  =  4  feet  H  inches  =  4.125  feet, 
and  the  head  //  =  10^^^  inches  =  .84  foot.  From  the  table  of  Coeffi- 
cients for  Weirs  with  End  Contractions,  we  find  the  coefficient  c  =  .600 
for  a  weir  3  feet  long  and  a  head  of  .8  foot  and  c  =  .604  for  a  weir  5  feet 
long  with  the  same  head.  This  is  an  increase  in  the  coefficient  of  (.604 
—  .600)  -f-  2  =  .002  for  each  increase  of  1  foot  in  length.     The  coefficient 
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for  a  weir  4.125  feet  long  is,  therefore,  ,600  + (1.125  X  .002)  =  .60225. 

The  rate  of  increase  for  a  head  of  .9  foot  is  (.603  — .598)  h- 2  =  .0025, 

and   the   coefficient   for   a   weir    4.125   feet  long  is    .598  -h  (1.125  X 

.0025)  =  .60081.     The  decrease  in  coefficient  for  an  increase  in  head  of 

.1  foot  is  .60225  —  .60081  =  .00144  and  for  an  increase  in  head  of  .04 

04 
foot  the  decrease  is  .00144  x  ^-  =  .000576.     This  subtracted  from  the 

coefficient  for  .8  foot  gives  .60225  —  .000576  =  .601674  as  the  coefficient 
of  discharge  for  a  weir  4.125  feet  long  and  a  head  of  .84  foot.  Using 
but  four  decimal  places,  the  discharge  is 

Q'  =  5.347  X  .6017  X  4.125  X  84*  =  10.22  cu.  ft.  per  second.     Ans. 

Example  2. — If  the  canal  leading  to  the  weir  of  example  1  is  10  feet 
wide  and  3  feet  deep  below  the  crest  of  the  weir,  what  is  the  head 
equivalent  to  the  velocity  of  approach  ? 

Solution. — The  depth  of  water  in  the  canal  is  the  depth  below  the 

crest  plus  the  head  =  3.84  feet.     The  area  of  the  cross-section  of  the 

water  in  the  canal  is  A  =  3.84  X  10  =  38.4  square  feet,  and  the  velocity 

10  22 
is  7/  =  o^-T-  =  -266  foot  per  second.     The  head  A  equivalent  to  the 

velocity  v  is 

Note. — This  value  of  ^  is  so  small  that  its  influence  on  the  discharge 
is  much  less  than  the  probable  errors  in  measuring  the  head  //,  and  so 
need  not  be  considered  in  finding  the  discharge. 


FLOIV  THROUGH   TUBES. 


THE  STANDARD  TUBE. 

1008.  A  Standard  tube  or  an  acUuta^e  is  a  tube 
whose  length  is  equal  to  2^  or  3  times  its  diameter.  When 
water  flows  from  a  reservoir  through  such  a  tube,  as  shown 
in  Fig.  177  (//),  the  jet  contracts  when  it  first  leaves  the 
reservoir,  then  expands  again  until  it  fills  the  tube  near  its 
outer  end,  this  contraction  and  expansion  resembling  that 
of  the  jet  from  a  standard  orifice. 

Owing  to  the  contraction,  an  annular  space  is  left  between 
the  jet  and  the  tube.  When  the  expansion  of  the  jet  is 
sufl&cient  to  fill  the  outer  end  of  the  tube,  as  shown  in  the 
figure,  the  current  of  water  carries  some  of  the  air  from  the 
annular  space  along  with  it,  thus  producing  a  partial 
vacuum. 


Digitized  by  CjOOQIC 


402  HYDRAULICS. 


FlO,  177. 


W 


(hj 


Digitized  by  CjOOQIC 


HYDRAULICS.  403 

If  a  small  branch  b  is  carried  down  into  a  cup  of  mercury 
tf,  the  pressure  of  the  atmosphere  will  force  mercury  into  b 
to  a  height  k  that  depends  on  the  vacuum  in  the  annular 
space  around  the  jet,  and  if  a  small  hole  be  made  in  the 
tube  it  will  be  found  that  air  is  drawn  in  through  the  hole. 
On  account  of  the  difficulty  in  maintaining  uniform  con- 
ditions, which  makes  the  value  of  the  coefficient  of  discharge 
uncertain,  tubes  are  seldom  used  for  measuring  the  flow 
of  water. 

The  coefficient  of  discharge  for  a  standard  tube  is  greater 
than  for  a  standard  orifice.     An  average  value  is 

r  =  .82. 

The  jet  as  it  issues  from  the  tube  has  the  same  area  as  the 
tube;  hence,  the  coefficient  of  velocity  is  the  same  as  the 
coefficient  of  discharge. 

CONICAL  TUBBS. 

1009.  For  conical  tubes,  see  Fig.  177  (r)  and  {d),  the 
coefficient  of  discharge  reaches  a  maximum  value  of  .946 
when  the  angle  ^°  of  the  cone  is  13°  24'.  The  coefficient  of 
velocity  increases  with  the  angle  of  the  cone  until  it  becomes 
about  the  same  as  the  coefficient  for  the  standard  orifice. 
If  the  inner  edge  of  the  tube  is  well  rounded,  as  at  (r),  Fig. 
177,  the  coefficient  of  discharge  is  still  further  increased  and 
may  be  made  nearly  1.      

COMPOUND  TUBES. 

1010.  Examples  of  compound  tubes  are  shown  in 
Fig.  177  {a)  and  (b).  Experiments  have  shown  that  the 
velocity  through  the  minimum  section  a  is  greater  than  the 
theoretical  velocity  due  to  the  head.  The  values  of  the 
coefficient  of  discharge  for  the  section  a  vary  greatly  under 
different  conditions  of  head  and  proportions  of  tubes.  Under 
certain  conditions  values  as  high  as  2. 43  have  been  obtained. 

1011.  Inward  Projecting:  Tubes. — When  a  tube 
projects  into  a  reservoir,  as  shown  in  Fig.  177  (/)  and  {g), 
the   contraction   is   increased    and    the    discharge    greatly 
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reduced.  The  coefficient  of  discharge  for  the  inwardly  pro- 
jecting orifice,  Fig.  177  (/),  is  about  0.50,  and  for  the  tube, 
Fig.  177  (^),  0.72.  

THE    ENERGY  OF   A  JET. 

lOl  2.  The  energ^y  In  a  Jet  of  'water  is  a  measure  of 
the  theoretical  work  which  the  jet  can  do. 

If  W  is  the  weight  of  water  per  second  passing  a  given 
cross-section  of  the  jet,  and  v  the  velocity  in  feet  per  second 
at  that  cross-section,  the  energy  K  is  expressed  by  the 
formula 

K=  IV /i=  W^.  (38^.) 

Here  //  is  the  head  that  would  produce  a  velocity  v  if  the 
water  were  to  fall  freely  through  a  vacuum. 

If  a  is  the  area  of  the  jet  and  w  the  weight  of  a  cubic  unit 
of  water,  we  have  W=  wat\  and  the  equation  for  A' becomes 

A'=^F-- =:.«..-  =  -—.  (38*.) 

These  formulas  show  that  with  a  given  weight  of  water 
passing  per  second  the  energy  of  the  jet  is  proportional  to 
the  square  of  the  velocity,  and  with  a  given  area  of  jet  the 
energy  is  proportional  to  the  cube  of  the  velocity. 

Example  1. — What  is  the  theoretical  work  that  can  be  done  by  a 
jet  through  which  2^  cubic  feet  of  water  passes  with  a  velocity  of  8  feet 
per  second  ? 

Solution. — From  formula  38^,  we  have 

A'=  2.5  X  62.5  X  ,,   ,L  ^a  =  155.47  ft.-lb.  per  second.     Ans. 
Z  X  o*.lo 

Example  2. — What  is  the  theoretical  work  that  can  be  done  by  a  jet 
whose  area  is  .5  square  foot,  if  the  velocity  of  flow  is  12  feet  per  second  ? 

Solution. — 

lA  12* 

A'  =  w /I  V ^  =  62.5  X  5  X  12  X  »  ,,  ..^  ^a  =  ^^^-^^  ^^.-Ib.  per  second. 

%g  2X32.16  ^^^ 

Example  3. — What  is  the  horsepower  equivalent  to  the  energy  in 
the  jets  in  examples  1  and  2  ? 
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Solution. — One  horsepower  equals  33,000  foot-pounds  of  work  done 

33  000 
in  one  minute,  or  '— ^-r —  =  550  fcmt-pounds  in  one  second ;  hence,  the 

theoretical  horsepower  in  the  jet  in  example  1  is  -y-.p  =  .282;  and  in 

example  2,  —-^l~=  1.526.     Ans. 

Since  the  energy  in  a  given  weight  of  water  passing  through 
a  jet  is  proportional  to  the  square  of  the  velocity,  it  is  evi- 
dent that  when  the  water  is  to  be  used  for  doing  work  by 
the  action  of  a  jet  on  the  vanes  of  a  water-wheel,  the  veloc- 
ity should  be  as  great  as  possible. 

The  theoretical  velocity  that  can  be  obtained  is  v  =  |^2  £"  //, 
where  A  is  the  head  cf  the  orifice  from  which  the  water  flows. 
It  was  shown  in  Art.  994  that  the  actual  velocity  of  a 
jet  is  always  less  than  the  theoretical  velocity,  and  is  found 
by  multiplying  the  theoretical  velocity  by  a  coefficient  that 
depends  on  the  form  of  the  orifice  from  which  the  water 
flows;  this  coefficient  is  always  less  than  1. 

Example  1. — What  is  the  energy  in  the  jet  from  a  standard  orifice 
from  which  20  cubic  feet  of  water  flows  per  second,  if  the  head  on  the 
orifice  is  16  feet,  and  the  coefficient  of  velocity  .98  ? 

Solution. — The  actual  velocity  is  z/  =  .98  ^"l  g  h,  and  the  energy 

K=  W^  =  IVX  .98«  //  =  20  X  62.5  X  .98»  X  16  = 

19,208  ft.-lb.  per  second.     Ans. 

Example  2. — Water,  under  a  head  of  8  feet,  flows  from  a  circular 
standard  orifice  whose  diameter  is  6  inches.  What  is  the  energy  of  the 
jet  if  the  coefficient  of  velocity  is  .98  ? 

Solution. — The  diameter  of  the  orifice  is  .5  foot,  and  from  the 
table  of  Coefficients  for  Standard  Vertical  Orifices,  the  coefficient  of 
discharge  for  a  head  of  8  feet  is  found  to  be  .598  for  an  orifice  whose 
diameter  is  .2  foot,  and  .596  when  the  diameter  is  .6  foot.  The  coeffi- 
cient, therefore,  decreases  at  a  rate  equal  to ' 7- "  ^  =  .0005  for  each 

increase  of  .1  foot  in  the  diameter  of  the  orifice,  and  the  coefficient  for 
an  orifice  whose  diameter  is  .5  foot  is  .598  —  (.0005  X  3)  =  .5965.  The 
discharge  is  Q  =  6.299  ^«  r f/J=  6.299  X  .5»  X  .5965  X  V^=  2.657  cubic 
feet  per  second.     The  energy  is 

Ar=  IV ^  =  2.657  X  62.5  X  .98«  X  8  =  1,275.9  ft.-lb.  per  second.     Ans. 


Digitized  by  CjOOQIC 


406  HYDRAULICS. 

BXAMPLBS  FOR  PRACTICE. 

1.  A  weir  with  end  contractions  is  5  feet  long,  and  the  measured 
head  is  .55  foot;  if  the  water  approaches  the  weir  with  a  velocity  of 
1^  feet  per  second,  what  is  the  discharge  ?      Ans.  7.497  cu.  ft.  per  sec. 

2.  A  weir  without  end  contractions  is  6  feet  long,  and  the  head  is 
.25  foot;  what  is  the  discharge,  neglecting  the  velocity  of  approach  ? 

Ans.  2.541  cu.  ft.  per  sec. 

3.  A  jet  flows  from  a  standard  circular  orifice  1^  inches  in  diameter 
under  a  constant  head  of  75  feet ;  assuming  the  coefficient  of  velocity  to 
be  .98,  what  is  the  energy  of  the  jet  ?  Ans.  2,275.43  ft. -lb.  per  sec. 

4.  What  is  the  theoretical  horsepower  in  the  jet  in  the  last 
example?  Ans.  4.137  H.  P. 


NOZZLES. 

1013.  Nozzles  are  used  when  it  is  desired  to  deliver 
water  with  a  high  velocity  for  any  purpose.  Their  most 
common  application  is  in  connection  with  hose  for  fire  pur- 
poses, etc.  By  means  of  nozzles  a  very  high  coefficient  of 
velocity  is  obtained,  and  the  energy  of  the  jet  is  therefore 
great.  The  theoretical  height  to  which  a  stream  from  a 
nozzle  can  be  thrown  is  equal  to  the  head  that  would  produce 
the  velocity  with  which  the  jet  flows  from  the  nozzle  if  the 
water  were  to  fall  freely  through  a  vacuum.  If  7f  is  this 
velocity,  the  theoretical  height  to  which  the  stream  will  go  is 

The  resistance  of  the  air  always  reduces  this  height. 

Example. — A  stream  issues  from  the  nozzle  of  a  fire  hose  under  a 
pressure  of  60  pounds  per  square  inch.  If  the  coefficient  of  velocity  of 
the  nozzle  is  .99,  what  is  the  theoretical  height  to  which  the  stream 
will  rise  ? 

Solution. — A  pressure  of  60  pounds  per  square  inch  corresponds  to 
60 
AW 


h  =  " 


.99  1^2^  X  138.25,  and  the  height  corresponding  to  the  velocity  v  is 

,,       V*        .99*  X  2^X138.25        onsv^iQQor      .or  r  r     *       a 

^  =s —  = ~ =  .99*  X  138.25  =  135.5  feet     Ans. 

2^  2^ 
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THE    MINER'S  INCH. 

1014«  The  miner's  incti  is  an  arbitrary  unit  for 
measuring  water  by  its  flow  through  an  orifice.  The  ori- 
fice and  the  head  vary  so  much  in  different  localities  that 
no  definite  value  can  be  given  for  the  unit.  Its  chief  use 
is  for  measuring  the  water  sold  for  irrigating  and  mining 
purposes. 

The  following  list  illustrates  the  general  meaning  of  the 
term,  and  also  shows  the  great  variation  in  its  value  as  used 
in  different  localities: 

At  Smartsville,  California,  the  miner's  inch  is  the  amount 
of  water  discharged  per  square  inch  of  area  by  an  orifice 
four  inches  deep,  having  its  lower  edge  level  with  the  bottom 
of  the  box  or  sluice  and  its  top  edge  seven  inches  below  the 
surface  of  the  water.  The  length  of  this  orifice  is  made  to 
correspond  with  the  number  of  miner's  inches  it  is  to  dis- 
charge. Under  these  conditions  the  Smartsville  inch  corre- 
sponds to  a  discharge  of  about  1.76  cubic  feet  of  water  per 
minute,  or  2,534  cubic  feet  per  24  hours. 

The  Park  Canal  Mining  Company  furnishes  water  under 
such  conditions  that  a  miner's  inch  corresponds  to  a  dis- 
charge of  about  1.39  cubic  feet  per  minute.  The  South 
Yuba  Canal  Company  computes  a  miner's  inch  from  the  dis- 
charge through  a  two-inch  aperture  over  a  one  and  one-half 
inch  plank  with  a  head  on  the  center  of  the  aperture  of 
six  inches.  

FLOW  THROUGH  PIPES. 


PRBSSURB  HBAD  AND  VBLOCITY  HBAD. 

1015*  In  Fig.  178  is  ^hown  a  short  pipe  with  a  varying 
cross-section  leading  from  a  reservoir  to  a  small  nozzle.  If 
the  pipe  is  closed  at  the  nozzle,  so  that  no  water  can  flow 
through  it,  the  water  will  rise  in  each  of  the  tubes  a^  b^  and 
r,  until  it  reaches  the  same  level  as  the  surface  of  the  water 
in  the  reservoir.  When  there  is  a  flow  through  the  pipe, 
the  water  falls  in  the  tubes  and  stands  lowest  in  the  tubes 
connected  where  the  cross-section  of  the  pipe  is  least. 
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This  result  is  due  to  the  difference  in  the  velocities  of  the 
water  in  the  different  sections  of  the  pipe.  The  same  quantity 
flows  through  each  section  in  a  given  time  and,  since  the  mean 
velocity  is  equal  to  the  quantity  flowing  divided  by  the  area  of 

the  section,  i.  e.,  v  =  — ,  the  velocity  must  increase  as  the 

section  is  reduced.  It  was  shown  in  Art.  990  that  a  given 
velocity  of  flow  v  is  equivalent  to  the  velocity  that  would  be 
produced  if  the  water  fell  in  a  vacuum  a  distance  equal  to 
the  head  h  which  produces  the  given  flow. 


Fig.  178. 
The  water  in  flowing  through  the  section  A  has  a  certain 
velocity  v^  equivalent   to  the  velocity  that  would   be  pro- 
duced by  a  head  we  may  call  ///,  so  that  v^  =  'Igh^".     That 
is,  part  of  the  pressure  due  to  the  head  h  is  exerted  in  pro- 

ducing  the  velocity  whose  equivalent  head  is  ///=  ["-^^  and  the 

rest  exists  as  pressure  shown  by  the  head  //„'.     In  the  same 
way  at  the  section  B   we   have   the  velocity  head  ///  — 

—  required  to  produce  the  velocity  7%  and  the  pressure 

head  7/^' ;  and  at  the  section  C  the  velocity  head  ///  =  ^ 
and  the  pressure  head  hj, 

1016.  Neglecting  the  effects  of  friction,  we  have  the 
following  principle : 

The  sum  of  the  velocity  head  plus  the  pressure  head  for  any 
given  section  is  equal  to  the  total  head  h  due  to  the  water  in 
the  reservoir. 
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This  principle  can  be  proved  as  follows:  The  energy  in  the 
water  as  it  leaves  the  reservoir  is  equal  to  IV/i.  Since  there 
are  to  be  no  losses  in  energy  from  friction  or  otherwise,  and 
the  quantity  of  water  passing  is  the  same  for  each  section, 
the  energy  must  be  the  same  at  all  sections.  The  total 
energy  in  the  water  at  any  section  is  the  sum  of  the  poten- 
tial energy  due  to  the  pressure  and  the  kinetic  energy  due 
to  the  velocity. 

Hence,       W/i  =  iv(^/ij+  ^^  =  \V{hJ  +  ///)  = 

iv(/i^+  l-^  =  JF(/V+  V),  etc., 

from  which  /i  =  //«'+  ///=  //„'+  V=  ///+  A/. 

This  principle  is  expressed  by  the  theorem :  T/if  pressure 
head  plus  the  ve  Unity  head  equals  the  hydrostatie  head. 

Example.— If,  in  Fig.  178,  the  hydrostatic  head  h  is  20  feet  and  the 
pressure  head  at  the  section  A  is  //«'  =  12  feet,  what  is  the  velocity  Va 
in  the  section  A  ? 

Solution. — The  velocity  head  //„"=  20— 12  =  8  feet;  hence,  the 
velocity  Va  =  V'^^ha  =  ^2  x  1^2. 16  x  8  =  22.684  ft.  per  second.     Ans. 


LOSSBS  OF   HBAD. 

1017»     In  practice  it  is  found  that  the  pressure  shown 
by  a  gauge  on  a  pipe  through  which  water  flows  and  the 


Fig.  179. 


velocity  of  flow  are  always  less  than  the  theoretical  pressure 
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and  velocity ;  i.  e. ,  the  velocity  head  plus  the  pressure  head 
is  less  than  the  hydrostatic  head. 

This  difference  is  due  to  friction  and  other  resistances  that 
absorb  part  of  the  energy  of  the  moving  water.  In  Fig. 
179,  let  A  he  a  large  reservoir  from  which  a  long  pipe  leads 
to  some  point  below  the  surface  of  the  water  in  A^  and  sup- 
pose that  at  various  points  in  the  pipe,  as  at  a,  b^  c,  and  d^ 
we  insert  tubes  that  extend  above  the  water  surface  in  A, 
Now,  if  the  pipe  is  closed  at  Z>,  the  water  will  flow  into  it 
and  rise  in  each  of  the  branches  until  its  level  reaches  the 
level  of  the  water  in  the  reservoir. 

1018.  The  hydrostatic  head  on  the  center  of  any 
section  of  the  pipe  is  the  vertical  distance  in  feet  from  the 
center  of  the  pipe  to  the  level  of  the  water  in  the  tube 
attached  at  that  point,  when  there  is  no  flow;  or,  in  other 
words,  the  vertical  distance  from  the  center  of  the  jiipe  to 
the  level  of  the  surface  of  the  water  in  the  reservoir.  Since 
the  pressure  can  be  directly  determined  from  the  head,  the 
level  of  the  water  in  the  tube  is  also  a  measure  of  the  pres- 
sure of  the  water  at  the  point  in  the  pipe  at  which  it  is 
attached.  Instead  of  a  tube  that  rises  to  the  height  of  the 
water  in  the  reservoir,  it  is  evident  that  we  can  use  a  pres- 
sure gauge,  as  at  B\  which  may  be  graduated  to  show  either 
the  pressure  in  pounds  per  square  inch  or  the  head  in  feet. 
If  the  gauge  shows  only  the  pressure  in  pounds  per  square 
inch,  this  pressure  must  always  be  reduced  to  its  equivalent 
head  in  feet  for  use  in  problems  and  formulas  pertaining  to 
the  flow  of  water. 

The  horizontal  line  M  M^  to  which  the  water  in  the  tubes 
a^  by  r,  d  will  rise  when  no  water  flows  through  the  pipe,  is 
called  the  hydrostatic  %^rsid^  line. 


PIBZOMBTBRS. 

1019.  A  gauge  or  tube  inserted  in  a  pipe  to  show  the 
pressure  of  the  water  is  called  a  piezometer.  When  a 
piezometer  is  to  be  placed  on  a  pipe  through  which  water 
is  flowing,  the  tube  should  always  be  so  inserted  as  to  be  at 
right   angles   to  the   current  in   the  pipe,  as  shown  at  a^ 


Digitized  by  CjOOQIC 


HYDRAULICS.  411 

Fig.  180.     If  the  tube  is  so  inclined  that  the  current  flows 

against  the  end  as  shown  at  by  the  action  of  the  current 

will  force  the  water 

into    the    tube    and 

cause   it    to    rise 

higher    than    the 

head    due    to    the_ 

pressure;    and  if  in-g 

clined  in  the  opposite 


direction,    as    at     r,  p,g.  \m. 

the  action  of  the  current  will  reduce  the  indicated   pres- 
sure. 

Example. — A  pressure  gauge  attached  to  a  water  main  shows  a 
pressure  of  76  pounds  per  square  inch.     What  is  the  equivalent  head  ? 

7fl 
Solution.— The  head  h  =  -j^  =  175.1  feet.    Ans. 


LOSS  OP  HBAD  AT  BNTRANCB. 

1020*  Where  water  flows  from  a  reservoir  into  a  pipe, 
a  piezometer  attached  to  the  pipe  near  the  reservoir  shows  a 
certain  pressure  whose  head  is  AJ.  The  velocity  at  which 
the  water  flows  is  equal  to  a  head  /i\  and,  if  there  were  no 
losses,  AJ  +  //'  would  equal  the  total  hydrostatic  head  //^. 
The  water  on  entering  the  pipe  meets  with  resistances, 
due  to  friction,  contraction,  etc.,  that  absorb  part  of 
its  energy,  and  this  causes  a  loss  of  head  similar  to 
the  loss  when  water  flows  through  an  orifice  or  a  short 
tube. 

This  loss  is  proportional  to  the  mean  velocity  with  which 
the  water  flows  through  the  pipe,  and  also  depends  on  the 
form  of  the  end  of  the  pipe  where  it  enters  the  reservoir; 
hence,  the  lost  head  can  be  expressed  by  the  equation 

A'"=m/i"=m^,  (39.) 

where  /«  is  a  factor  that  depends  on  the  form  of  the  end  of 
the  pipe. 

Fig.  181  shows  average  values  of   the   coefficient   m  as 
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determined  by  experiment  for 
different  cases.  In  practice  a 
water  main  generally  projects 
into  the  reservoir  and  termi- 
nates in  a  bell-shaped  end,  as 
shown  at  (d)^  so  that  the  coeffi- 
cient ;;/  for  long  water  mains 
may  generally  be  taken  as  .5. 

m-^Pd  Example. — A    12-inch    pipe    dis- 

charges 12  cubic  feet  of  water  per 
second.  If  the  pipe  enters  the  reser- 
voir, as  shown  at  (^).  Fig.  181,  what 
is  the  loss  of  head  at  entrance  ? 

Solution. — The  mean  velocity  of 
flow  is 

12 
^  =  -frTT^  =  15.279  feet  per  second. 
. 7854  * 

The  loss  of  head  is 

-r/«  15.279* 


nfO 


Fig.  181. 


7/« 

A"'=  ;//-r —  =  .5  X  i 


m^49  2.^^      ■         2X32.16 

1.815  feet.     Ans. 


LOSS    OF    HBAD     PROM     FRIC- 
TION  IN   THE  PIPE. 

1021*  When  water  flows 
through  a  pipe,  it  meets  with 
resistances,  due  to  the  friction 
of  the  particles  on  the  sides  of 
the  pipe  and  on  each  other. 
These  resistances  absorb  energy 
and  cause  a  further  loss  in  head. 

Experiments  have  shown  that 
the  friction  of  water  flowing 
through  a  pipe  depends,  approx- 
imately, on  the  following  laws: 

1.  T/ie  loss  in  friction  ts  pro- 
portional to  the  length  of  the  pipe, 

2.  //  varies  nearly  as  the 
square  of  the  velocity. 
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3.  //  varies  inversely  as  the  diameter  of  the  pipe, 

4.  //  increases  with  the  roughness  of  the  pipe, 
6.     //  is  independent  of  the  pressure  in  the  pipe. 

In  accordance  with  these  laws,  the  friction  head  tP  is 
expressed  by  the  equation 

^•^=/^|^  (40..) 

in  which  /is  the  length  of  the  pipe,  ^/its  diameter,  and /a 
coefficient  that  depends  on  the  roughness  of  the  pipe. 

It  has  been  found  that  /  varies  with  the  diameter  of  the 
pipe  and  the  velocity  of  flow.  The  table  of  Coefficients  for 
Pipes  gives  values  of/" for  clean  cast-iron  pipes  well  laid. 

Example. — What  is  the  loss  of  head  due  to  friction  in  a  10-inch  pipe 
1,000  feet  long,  if  the  mean  velocity  of  flow  is  8  feet  per  second  ? 

Solution. — From  the  table  of  Coefficients  for  Pipes,  the  coeffi- 
cient /  for  a  10-inch  pipe  is  found  to  be  .0197,  when  the  velocity  of 
flow  is  8  feet  per  second ;  therefore, 


LOSSES  OP  HBAD  DUB  TO  CHANGB  OF  SECTION  AND  BENDS. 

1022.  When  water  flows  from  a  small  section  to  a 
larger  one,  see  Fig.  182  {a)^  energy  is  absorbed  in  producing 
eddies  among  the  water  particles  just  at  the  enlargement. 
The  change  from  a  large  to  a  smaller  section,  as  at  (^), 
causes  a  contraction  in  the  mouth  of  the  smaller  section. 
The  result  in  both  cases  is  a  loss  of  head.  If  the  change  in 
section  in  the  pipe  is  made  gradually,  as  at  Fig.  182  (<r)  and 
(^),  the  loss  is  made  small  and  may  be  neglected  when  com- 
puting the  flow.  In  practice  a  change  in  section  is  usually 
made  by  means  of  a  reducer,  see  Fig.  182  (e), 

1023.  When  there  are  sudden  bends  in  the  pipe  there 
will  be  a  loss,  due  partly  to  shock  and  eddies,  and  partly  to 
the  contraction  in  the  flow,  as  shown  in  Fig.  182  (/)  and  {g). 
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Experiments  made  with  bends  like  Fig.  182  (/)  show  that 


(aj 


(b) 


Pig.  182. 
the  loss  of  head  may  be  expressed  in  terms  of  the  mean 
velocity  by  the  formula 


h^^c 


^g 


(40*.) 


Table  \%a  gives  values  of  c  for  different  values  of  the 
angle  ^°. 


TABLE    18^. 

«°  = 

10" 

20^ 

40= 

60° 

80= 

90° 

100^ 

110° 

120° 

130° 

140^ 

150^ 

c    = 

.017 

.046 

.139 

.364 

.74 

.984 

1.26 

1.56 

1.86 

2.16 

2.43 

2.81 
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For  a  bend  like  Fig.  182  (^),  the  loss  of  head  is  expressed 
by  the  formula 

A"=^'|^,  (4(V.) 

in  which  r'  depends  on  the  ratio  between  the  radius  r  of  the 
pipe  and  the  radius  R  of  the  bend. 

The  following  table  gives  values  of  c'  corresponding  to 

various  values  of  the  ratio  -7^ : 

/v. 

TABLE  \%b. 


r 

.1 

.2 

.8 

.4 

.5 

.6 

.7 

.8 

.9 

1.0 

d   = 

.131 

.138 

.158 

.206 

.294 

.440 

.661 

.977 

1.408 

1.978 

From  the  table  it  is  seen  that  when  R  is  made  large  in 
comparison  to  r,  the  value  of  c\  and  hence  the  loss  in  head, 
is  small. 

There  may  be  other  resistances,  such  as  valves,  which 
change  the  direction  of  flow  of  the  water,  or  suddenly  change 
the  area  through  which  the  water  flows.  If  the  pipe  is  care- 
fully designed  and  laid,  however,  these  losses  may  be  made 
so  small  in  comparison  with  the  other  losses  named  above 
as  to  be  neglected  in  the  formulas  for  head  and  velocity. 


TOTAL  HBAD  AND  VELOCITY  OF  FLOW. 

1024«  The  total  tiead  at  any  section  of  the  pipe  is 
equal  to  the  sum  of  the  pressure  head,  the  velocity  head, 
and  the  losses  in  head  due  to  the  energy  absorbed  in  over- 
coming the  resistances  in  the  pipe  between  the  reservoir  and 
the  given  section. 

Thus,  at  the  point  c  in  Fig.  179,  the  total  head  is  h^  =  ///-+- 

At  the  end  of  the  pipe  the  pressure  head  becomes  0,  and 
the  total  head  h  is  given  by  the  formula 

A:=A"+//'"+A»\  (41.) 
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If  we  suppose  that  there  are ;/  bends  similar  to  Fig.  182  (^), 
there  will  be  a  further  loss  of  head  equal  to  nlC^^^  nc'h"=i 

nc'  ^,  and  we  have  the  total  head 

h  =  /i"+  A"'+  //'^+  /i^'  = 

By  solving  formula  41^   for  v,  we    get    the  following 
formula  for  the  velocity  of  flow : 


-/; 


^^^ =8.02    / ^ . 


(42.) 

Formula  42  will  give  the  mean  velocity  of  flow  through 
a  pipe  in  which  the  total  head  is  //,  when  the  length  /,  and 
the  diameter  {/,  and  the  values  of  the  coefficients/,  ;//,  and 
c'  are  known. 

The  table  of  Coefficients  for  Pipes  gives  mean  values  oi  / 
that  may  be  used  for  clean  iron  pipes,  either  smooth  or 
coated  with  coal  tar.  Since  /  depends  on  v,  which  is  un- 
known, it  is  first  necessary  to  take  from  the  table  a  mean 
value  of /depending  on  the  diameter  of  the  pipe,  and  then 
solve  for  v.  This  gives  an  approximate  value  for  2^  from 
which  to  find  a  new  value  of /and  solve  again  for  v.  If  the 
last  value  of/  is  nearly  the  same  as  would  be  given  in  the 
table  for  the  value  of  v  last  found,  the  result  is  satisfactory. 
If  not,  the  last  value  of  zf  must  be  taken  as  an  approxima- 
tion from  which  a  new  value  of  /  is  to  be  found,  and  the 
process  repeated. 

If  ;//  has  the  value  .5  given  in  Fig.  181  (d),  Art.  1020, 
for  the  common  case  of  a  pipe  with  a  bell  end,  and  there  are 
no  sharp  bends  or  similar  resistances,  the  formula  for  v 
becomes 

.=     ^/II^  =  8.02    /-^.  (43.) 
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LONG  PIPB8. 

1025«  For  pipes  in  which  the  length  /  is  greater  than 
4,000  d^  the  velocity  head  and  loss  of  head  at  entrance  be- 
come so  small  in  comparison  to  the  loss  due  to  friction  that 
they  may  be  neglected,  and  the  formula  for  velocity  becomes 

.  =  f/^  =  8.02f^'.  (44.) 

For  d  in  inches  formula  43  becomes 


;/:      ^'^ 


and  instead  of  formula  44  we  have 

t/=  2.315 1/^.  (44^.) 

Example  1. — A  12-inch  pipe,  8,000  feet  long,  with  a  bell  end,  enters 
the  reservoir  in  such  a  way  that  the  coeflBcient  m  may  be  taken  as  .5. 
The  pipe  has  two  45^  bends,  each  with  a  radius  of  2  feet.  If  the  head  on 
the  discharge  end  of  the  pipe  is  35  feet,  what  will  be  the  velocity  of  flow  ? 

Solution. — The  loss  of  head  from  the  bends  depends  on  the  ratio 
between  the  radius  of  the  pipe  and  the  radius  of  the  bend.     This  ratio  is 

^-rj  =  .26.     From  the  table  of  Coeflicients  for  Pipes,  the  coefficient  cf 

for  a  radius  of  .2  is.  138,  and  for  the  ratio  .8  r' =  .158;  therefore,  for 
.25  the  coefficient  is  .138  -h  (.158  -  .138)  X  .5  =  .148.  Assuming  .022  as 
an  approximate  value  for  /  for  use  in  this  case,  and  substituting  the 
values  of  the  coefficients  in  formula  42,  there  results 


/  35 

V  =  8•02fl■^.o22x^'^j'-^-^.5-^ax■l48  =  '''"^  ^"^^ ^' ^'*"*'- 

From  the  table  the  value  of /for  a  velocity  of  5.762  feet  per  second  is 

.0207  -  (.0007  X  .762)  =  .0202. 
Using  this  value  of/,  the  velocity  becomes 


Since  the  coefficient  /  for  a  velocity  of  6  feet  per  second  is  .020^  this 
value  of  V  may  be  assumed  as  practically  correct.     Ans. 
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Example  2.— A  10-inch  pipe,  8,000  feet  long,  is  so  laid  that  there  is 
practically  no  loss  of  head  from  bends  or  valves.  If  the  head  is  150 
feet,  what  is  the  mean  velocity  of  flow  ? 

Solution. — Since  the  length  is  more  than  4,000  times  the  diameter, 
formula  44  may  be  used.  Taking  .02  as  a  mean  value  of/,  the  approx- 
imate velocity  of  flow  is 


/    5  V  150 
7/  =  8.021/  -7To^V-i^.  =  '^'^^^  ^^^^  P^'*  second. 

By  comparison  with  the  table  it  is  seen  that  the  assumed  value  of/ 
corresponds  very  nearly  with  the  value  for  a  velocity  of  7  feet  per 
second ;  therefore,  the  result  found  is  nearly  correct.     Ans. 

Example  3. — What  would  have  been  the  value  of  v  in  the  above 
example  if  formula  43  had  been  used  ? 
Solution, — 


V  =  8.02    /  ^^^-o-TUm  =  '3^- 061  ft.  per  second. 

/  1.5 +.02x5^^ 


Ans. 

From  the  last  two  examples  it  is  seen  that  for  long  pipes  the  effect 
of  resistances  at  entrance  may  be  neglected  without  affecting  the 
practical  accuracy  of  the  result. 


HBAD  REQUIRED  TO  PRODUCE  A  GIVEN  VELOCITY. 

1026.  A  formula  for  the  head  required  to  produce  a 
given  velocity  of  flow  v  can  be  found  from  the  formulas 
given  above  by  solving  for  A,  Thus,  from  formula  42,  the 
value  of  the  head  is 


v'(l+/^+m  +  nc') 


For  a  straight  cylindrical  pipe  in  which  the  influence  of 
bends  disappears  and  ;;/  is  taken  as  .5,  the  formula  becomes 

'''  =  6mZ  +  -«^33'^'-  (45a.) 

Formulas  45  and  45^  ^PP^y  when  d  is  in  feet;  for  d  in 
inches,  formula  45^  becomes 
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Example.— An  8-inch  pipe.  2,500  feet  long,  has  three  bends  whose 
radius  equals  the  diameter  of  the  pipe.  If  the  coefficient  for  loss  at 
entrance  is  m  =  .6  and/ =  .02.  what  must  be  the  head  to  produce  a 
velocity  of  flow  of  7  feet  per  second  ? 

Solution. — The  ratio  between  the  radius  of  a  bend  and  the  radius  of 
a  pipe  is  t  =  .5;  therefore,  from  the  table  of  Coefficients  for  Pipes,  the 
coefficient  r*  is  .29. 

Substituting  in  formula  45,  we  have 


7t(l+.02?:^-h.5-h8x.29) 


^  =  — ^ It-ss ^=58.94  feet    Ana. 


THB  QUANTITY  DISCHARGBD  FROM  PIPBS. 

1027«  The  formulas  just  given  are  made  use  of  in  as- 
certaining the  quantity  of  water  that  will  be  discharged  from 
a  pipe  in  a  given  time,  with  a  given  head.  This  is  readily 
found  from  the  formula  Q=^  A  Vy  where  A  equals  the  area 
of  the  cross-section  of  the  pipe  and  v  the  mean  velocity  as 
determined  by  the  above  formulas. 

Where  the  diameter  is  given  in  feet,  the  discharge  in  cubic 
feet  per  second  is 

(2  =  .7854rf«z/.  (46.) 

Since  one  cubic  foot  contains  7.48  gallons,  when  d  is  in 
feet  the  discharge  in  gallons  per  second  is 

Q  =  .7854  d'vx  7.48.  (46^z.) 

And  when  d  is  in  inches, 

Q=.0iOSd'v.  (46*.) 

Example. — ^What  is  the  discharge  in  gallons  per  minute  from  a 
6-inch  pipe,  if  the  mean  velocity  of  efflux  is  5.6  feet  per  second  ? 

Solution.—  Q  =  .0408  d^v  =  .0408  X  36  x  5.6  =  8.225  gallons  per 
second.     8.225  X  60  =  498.5  gallons  per  minute.     Ans. 

Example. — The  length  of  a  pipe  is  6,270  feet,  its  diameter  is 
8  inches,  and  the  total  head  at  the  point  of  discharge  is  215  feet.  How 
many  gallons  are  discharged  per  minute  ? 

Solution.— First  find  the  approximate  value  of  v  from  formula 
44a,  taking  the  value  of /=  .025. 


V  =  2.815  |/yj  =  2.315  |/  Q>^^^  27Q  =  '3'-67  feet  per  second,  nearly. 
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From  the  table  of  Coefficients  for  Pipes,  the  value  of/  for  an  8-inch  I 

pipe  and  a  velocity  of  7.67  feet  per  second  is  | 

,,,3  _  (.001  X  1.67)^^.  ; 

2  I 

With  the  value  of/  used  in  formula  43^,  the  velocity  is 


-  =  2.815  /oaSye^gTo  =  '■''  ^•^^^  ^'  '"•^°"'*- 

The  value  of/  for  v  =  8.47  feet  per  second  is  .0203  —  (' o~^)  = 

.0201,  and  this  value  gives 


The  discharge  is 

Q  =  .0408  X  8*  X  8.552  =  22.33  gallons  per  second. 
22.33  X  60  =  1,340  gallons  per  minute.     Ans. 


TO  COMPUTE  THE  DIAMETERS  OF  PIPES. 

1028.  The  diameter  of  a  pipe  that  will  furnish  a  certain 
quantity  of  water  with  a  given  head  and  length  can  be 
found  as  follows: 

With  //,  /,  and  d  in  feet  and  the  quantity  Q  in  cubic  feet 
per  second,  the  formula  for  the  diameter  of  a  pipe  without 
sharp  bends  is 

^=0.470  [(1.5  ^  +  //)-f]*.  (47.) 

In  using  this  formula  take  the  approximate  value  of  /  as 
.02,  and  compute  an  approximate  value  for  d^  neglecting 
the  term  1.5  ^  in  the  second  member  of  the  formula.  With 
this   value   of   d   find    the    value   of    v  from    the    formula 

V  =  —   J^    ,„  and  find  the  corresponding  value  of  /  from 

the  table  of  Coefficients  for  Pipes. 

Repeat  the  computation  for  d  by  placing  the  approximate 
values  of  d  and  /  just  found  in  the  second  member  of  the 
formula.  One  or  two  repetitions  of  this  process  will  give  a 
near  approximation  of  d  from  which  to  select  the  pipe  from 
the  standard  market  sizes. 
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For  pipes  whose  length  is  more  than  4,000  times  their 
diameter  the  following  formula  may  be  used ; 

d:=0.m(^P^y  {47  a.) 

Example  1.— What  must  be  the  diameter  of  a  pipe  to  discharge 
1,000,000  gallons  of  water  per  24  hours,  if  the  length  is  1,250  feet,  and 
the  head  75  feet  ? 

1  000  000 
Solution. — The  discharge  in  cubic  feet  per  second  is  ^^  \r^  '   „  al,  = 

00,400  X  i-4o 
1.5473.    The  approximate  diameter  of  the  pipe  is 

rf=  0.479  (02xl.2y^Xl.5473»y^  ^,^  ^^^ 

The  velocity  corresponding  to  this  value  of  d  is 
1.5478 


.7854  X  .4579« 


=  9.895  feet  per  second. 


From  the  table  of  Coefficients  for  Pipes  the  coefficient/  for  a  pipe  6 
inches  (=  .5  foot)  in  diameter,  and  a  velocity  of  flow  of  10  feet  per 
second,  is  .02. 

Since  these  values  of  d  and  v  correspond  closely  with  the  approx- 
imate values  just  found,  the  value/ =  .02  may  be  used  again.  Using 
the  approximate  value  of  d  in  formula  47,  there  results 

d=  0.479[(1.5  X  .4579  +  .02  X  1,250)^:^^']*  =  .4608  foot. 

The  nearest  market  size  to  this  diameter  is  a  6-inch  pipe  ;  hence, 
that  may  be  taken.     Ans. 

Example  2. — A  water  main  17,820  feet  long  must  supply  a  city  with 
10,000,000  gallons  of  water  per  24  hours  under  a  steady  flow.  If  the 
head  is  120  feet,  what  must  be  the  diameter  of  the  pipe  ? 

Solution. — ^The  flow  in  cubic  feet  per  second  is 

^        10,000,000        .^  .„^ 
e  =  HM00xT48  =  l^-^^^ 

The  approximate  value  of  d  is,  therefore, 

^=  0.479 (•02Xl7.8yi5.478y  ^  ^  ^^^  ^^^^ 

The  velocity  of  flow  corresponding  to  this  diameter  is 

^  =  ■78m'^x?771«  =  «-^  ^*^*  P^'  ^^°"*^ 

From  the  table  of  Coefficients  for  Pipes,  the  coefficient/  for  a  pipe 
20  inches  in  diameter,  and  a  velocity  of  flow  of  6  feet  per  second,  is  .0173. 
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Since  the  length  of  the  pipe  is  more  than  4,000  times  the  approximate 
diameter,  formula  4^7 a  may  be  used ;  hence, 

d=  0.479  ( — — TW    )    ~  ~      mches,  nearly. 

Therefore,  the  nearest  available  market  size  above  this  may  be 
used.     Ans. 

THE  EFFECTIVE  HEAD. 

1029*  The  head  that  produces  the  flow  in  a  pipe  is 
always  the  difference  between  the  total  head  and  the  pres- 
sure head  on  the  end  where  discharge  takes  place.  If  the 
pipe  discharges  directly  into  the  atmosphere,  as  in  Fig.  179, 
the  pressure  head  becomes  zero,  and  flow  is  produced  by 
the  total  head  /i^. 

In  most  cases,  however,  the  discharge  is  into  a  reservoir, 


Fig.  188. 
as  in  Fig.  183  (^),  or  the  pipe  is  required  to  furnish  water  to 
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a  water-wheel  or  to  a  system  of  distributing  pipes  at  a  cer- 
tain pressure  per  square  inch. 

In  Fig.  183  (a)  the  effective  head  A  is  the  difference 
between  the  total  head  7/,  and  the  head  //  of  the  water  in 
the  reservoir  B. 

Example. — A  pipe  must  supply  water  at  a  pressure  of  25  pounds  per 
square  inch,  under  a  total  head  of  75  feet.     What  is  the  effective  head  ? 

Solution. — The  head  required  to  produce  a  pressure  of  25  pounds 
per  square  inch  is  25  -i-  .484  =  57.6  feet;  then,  the  effective  head  is 

>l  =  75 -57.6  =17.4  feet.     Ans. 


THB  HYDRAULIC  GRADIENT. 

1030.  If,  in  Fig.  183  (*),  we  draw  a  line  through  the 
points  ^,  r,  d,  etc.,  at  which  the  water  would  stand  in  piez- 
ometer tubes  attached  to  a  pipe  through  which  water 
fiows,  this  line  is  called  the  liydraullc  grade  line,  also 
the  liydraulic  sradlent.  If  the  section  of  the  pipe  is 
uniform  and  without  sharp  bends  or  other  obstructions, 
the  line  so  drawn  will  be  a  straight  line  extending  from  the 
reservoir  to  the  center  of  the  end  of  the  pipe  where  the 
water  discharges  into  the  atmosphere;  and  the  above  for- 
mulas for  velocity,  quantity  of  flow,  etc.,  apply  so  long  as 
no  part  of  the  pipe  rises  above  this  line.  If,  however,  the 
pipe  is  so  laid  that  it  rises  above  the  hydraulic  gradient  at 
any  part,  as  shown  by  the  dotted  line,  there  is  an  important 
change  in  the  result.  If  the  pipe  is  flowing  full,  a  piez- 
ometer attached  at  any  point  which  rises  above  the  hydraulic 
gradient  will  show  a  pressure  less  than  that  of  the  atmos- 
phere. This  causes  air  to  collect  at  the  point  D'  that  rises 
highest  above  the  hydraulic  gradient,  and  the  flow  becomes 
broken,  until  finally  the  pipe  will  be  filled  only  to  D',  Flow 
now  takes  place  in  the  same  manner  that  it  would  if  the 
pipe  were  opened  to  the  air  at  D\  and  from  that  point  to  F 
the  pipe  is  only  partly  filled  and  acts  as  a  channel  to  carry 
the  water  discharged  at  D', 

This  results  in  a  change  in  the  hydraulic  gradient  to  O'  D\ 
and  the  flow  is  to  be  computed  for  a  pipe  with  the  head  K 
and   length   /',  instead   of   the   head  h  and   length  /.      If, 
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however,  means  are  provided  for  preventing  the  collection  of 
air  at  U  and  the  pipe  is  kept  filled  from  U  to  F^  the  velocity 
and  discharge  will  be  the  same  as  for  a  pipe  all  of  which  is 
laid  below  the  hydraulic  gradient. 

When  a  pipe  discharges  under  pressure,  as  shown  in 
Fig.  183  [a)^  the  hydraulic  gradient  is  the  line  O  M  from 
the  reservoir  A  to  the  surface  of  the  water  in  the  reservoir 
B^  or  to  a  point  that  represents  the  head  due  to  the  pressure 
where  discharge  takes  place. 

1031*  When  part  of  a  pipe  rises  above  the  hydraulic 
gradient  it  is  called  a  siplion. 

The  principles  on  which  the  action  of  a  siphon  depends 
are  explained  in  the  section  on  Pneumatics;  see  Art.  1074. 

If  the  siphon  is  kept  filled,  the  flow  through  it  will  take 
place  in  accordance  with  the  laws  given  in  Arts.  1015  to 
1029  for  pipes  laid  below  the  hydraulic  gradient,  and  the 
same  formulas  apply. 

The  total  head  producing  the  flow  in  a  siphon  is  the  ver- 
tical distance  //  from  the  discharge  end  F  of  the  pipe  to  the 
level  of  the  water  in  the  reservoir,  see  Fig.  183  {b).  If  the 
siphon  is  of  uniform  section,  without  sharp  bends  or  obstruc- 
tions, the  hydraulic  gradient  will  be  a  straight  line  O  F  ivova 
the  reservoir  to  the  discharge  end  /%  and  the  pressure  in  all 
parts  of  the  pipe  that  rise  above  the  line  will  be  less  than 
the  atmospheric  pressure.  Air  always  tends  to  collect  in  the 
highest  point  of  a  siphon,  and  means  must  be  provided  for 
its  removal,  in  order  to  keep  up  the  flow. 


BXAMPLBS  FOR  PRACTICB. 

1.  What  will  be  the  velocity  of  discharge  from  a  12-inch  pipe, 
800  feet  long,  under  a  head  of  28  feet,  if  the  pipe  has  a  bend  whose 
radius  is  2  feet  ?  Ans.  10.57  ft.  per  sec. 

2.  How  much  would  the  velocity  of  discharge  be  in  example  1  if 
the  pipe  had  no  sharp  bend  ?  Ans.  10.69  ft.  per  sec. 

3.  What  is  the  increase  in  the  discharge,  in  gallons  per  minute, 
without  the  bend,  in  example  1  ?  Ans.  42.29  gaL 

Note. — From  the  preceding  examples  it  is  seen  that  the  influence 
of  easy  bends  on  the  discharge  is  slight,  even  in  comparatively  short 
pipes. '  For  pipes  of  considerable  length,  the  influence  of  a  few  such 
Sends  is  hardly  perceptible. 
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4.  What  will  be  the  velocity  of  discharge  from  a  16-inch  pipe, 
10,640  feet  long,  with  a  head  of  175  feet  ?  Ans.  9.06  ft.  per  sec. 

5.  What  will  be  the  discharge  in  gallons  per  minute  in  example  4  ? 

Ans.  5,677.4  gal. 

6.  What  head  will  be  required  to  give  a  velocity  of  flow  of  8  feet 
per  second  in  an  8-inch  pipe  1,350  feet  long  ?  Ans.  42.37  ft. 

7.  What  must  be  the  diameter  of  a  pipe  that  must  furnish  a  maxi- 
mum discharge  of  1,400  gallons  per  minute,  if  the  length  of  the  pipe  is 
6,240  feet  and  the  head  125  feet  ? 

An^  j  The  diameter  must  be  about . 75  foot. 

The  standard  market  size  next  greater  is  10  inches. 


FLOW  OF  WATER  IN  CONDUITS  AND  CHANNELS. 

1032*  Water  is  often  conveyed  from  the  source  of 
supply  to  the  point  where  it  is  to  be  used  in  conduits 
formed  of  masonry  or  timber  work,  or  in  open  channels, 
called  ditclies  or  canals. 

The  flow  in  these  cases  is  caused  entirely  by  the  slope»  or 
fall,  of  the  conduit  or  channel,  which  must  be  so  graded  that 
the  fall  will  be  continuous  and  nearly  uniform. 

The  slope  is  the  ratio  of  the  fall  to  the  length  in  which  it 
occurs.  Thus  if  5  is  the  slope,  //  the  fall,  and  /  the  length 
in  which  the  fall  occurs,  the  slope  is  given  by  the  formula 

5=  A  (48.) 

Example. — If  a  canal  has  a  fall  of  2^  inches  in  5(X)  feet,  what  is  the 

slope? 

Solution. — The    head  •  is    2^  inches  =  .17708  foot;    therefore,  the 

slope  is 

1770ft 
5  =-'^^==  .00085416. 

The  iw'etted  perimeter  of  the  cross-section  of  any  chan- 
nel or  conduit  is  the  part  of  its  boundary  in  contact  with  the 
water.  Thus,  if  a  circular  conduit  whose  diameter  is  4  feet 
is  half  filled  with  water,  its  wetted  perimeter  is  equal  to  one- 
half  its  circumference,  or  |  X  3.1410  X  4  =  6.2832  feet. 

The  liydraullc  radius  is  the  ratio  of  the  area  of  the 
cross-section  of  the  water  in  a  channel  to  the  wetted  perim- 
eter.    If  the  wetted  perimeter  is  denoted  by  /,  the  area 
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of  the  water  cross-section  by  ^,  and  the  hydraulic  radrus  by 
r,  then 

r=j.  (49.) 

r  is  sometimes  called  the  liydraulic  mean  deptli. 

Example. — What  is  the  hydraulic  radius  of  the  circular  conduit  in 
the  last  example  ? 

Solution. —The  area  =  i  X'J'854  X  4«  =  6.2832,  and  the  wetted  perim- 
eter is  /  =  i  X  3. 1416  X  4  =  6. 2832 ;  therefore,  rz=~=  |^||||  =  1. 

The  mean  velocity  is  the  average  velocity  of  flow  for 
the  whole  cross-section  of  the  water  in  a  channel.  Owing 
to  the  friction  along  the  sides,  the  water  filaments  nearest 
the  walls  of  a  channel  move  slowest;  hence,  the  velocity  is 
different  in  different  parts  of  the  cross-section. 

The  dlscliarse  is  the  product  of  the  area  of  the  water 
cross-section  of  any  part  of  a  channel  multiplied  by  the 
mean  velocity  of  the  same  cross-section.  If  Q  is  the  dis- 
charge and  V  the  mean  velocity,  we  have,  as  in  the  case  of 
orifices  and  pipes, 


FORMUI.A  FOR  MEAN  VELOCITV. 

1033.     The  mean  velocity  of  flow  in  a  conduit  or  chan- 
nel of  any  kind  is  given  by  the  formula 

V  =  ci/r~s.  (50.) 

Here  ^r  is  a  coefficient  that  depends  on  the  value  of  r  and  s 
and  on  the  degree  of  roughness  of  the  surface  of  the  channel. 
Kutter*s  formula  is  a  formula  that  gives  the  value  of 
c  when  the  nature  of  the  interior  of  the  conduit  is  known. 
The  most  simple  form  of  Kutter's  formula  is  the  following  r 

In  the  above  formula  «  is  a  coefficient,  called  the  coeffi- 
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cient  of  roughness.  Its  value  depends  on  the  condition  of 
the  interior  surface  of  the  channel,  and  great  care  and  judg- 
ment are  required  in  selecting  the  value  to  be  used  when 
applying  the  formula. 

The  following  table  gives  the  values  that  may  be  used 
under  the  conditions  most  often  met  with  in  practice  : 

VALUBS  OF  THB  COBFFICIBNT  OF  ROUGHNESS. 

Character  of  Chaooel.  Valne  of  «. 

For  clean,  well-planed  timber 009 

For  clean,  smooth,  glazed  iron  and  stoneware  pipes, 010 

For  masonry  smoothly  plastered  with  cement,  and  for 

very  clean,  smooth,  cast-iron  pipe Oil 

For  unplaned  timber,  ordinary  cast-iron  pipe,  and  selected 

pipe  sewers,  well  laid  and  thoroughly  flushed 012 

For  rough  iron    pipes  and  ordinary  sewer  pipes  laid 

under  the  usual  conditions 013 

For  dressed  masonry  and  well-laid  brickwork 015 

For  good  rubble  masonry  and  ordinary  rough  or  fouled 

brickwork 017 

For  coarse  rubble  masonry  and  firm,  compact  gravel 020 

For  well-made  earth  canals  in  good  alinement 0225 

For  rivers  and   canals  in  moderately  good   order  and 

perfectly  free  from  stones  and  weeds 025 

For  rivers  and  canals  in  rather  bad  condition  and  some- 
what obstructed  by  stones  and  weeds 030 

For  rivers  and  canals  in  bad  condition,  overgrown  with 
vegetation  and  strewn  with  stones  and  other  detri- 
tus, according  to  condition 035  to  .050 

Example  1. — What  is  the  value  of   c   for  a  rough  plank  sluice 

24  inches  wide,  when  the  depth  of  water  in  the  sluice  is  15  inches,  and 

the  fall  3  inches  in  100  feet  ? 

25 
Solution. — The  slope  is  j  =  ^  =  .0025;  the  wetted  perimeter  /  — 

2 -h  (2  X  1.25)  =  4.5  feet,  and  the  area  of  the  water  cross-section  a  = 

2  5 
2  X  1.25  :=  e.5  square  feet.    The  hydraulic  radius  is,  therefore,  r  —    '\  = 

4. 5 

.5556.     From  the  table,  the  value  of  n  for  unplaned  timber  is  found  to 

be  012;  therefore, 

^.012^   .0025  ^^^„      ^ 

^  = y aTtt^t Tma-  =  114.7.     An8. 


V  .0025/       a/Tk^ 


fC5566 
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Example  2.— Compute  (a)  the  velocity  of  flow,  and  (l>)  the  quantity 
of  discharge  for  the  sluice  of  example  1. 
Solution. — (a)  The  velocity  is 


V  =  c  i/rs  =  114.7  -f/.5556  X  .0025  =  4.275  ft.  per  second.     Ans. 
{d)  The  discharge  is 

2  =  «2/  =  2.5x  4.275  =  10.69  cu.  ft.  per  second.     Ans. 


FLOW  IN  BROOKS  AND  RIVERS. 
'1034.  Weirs  and  orifices  furnish  the  best  and  most  ac- 
curate means  of  measuring  the  discharge  of  pipes,  conduits, 
brooks,  rivers,  or  channels  of  any  kind  whose  volume  is  too 
great  to  be  measured  in  a  tank.  When  these  methods  are 
too  expensive  or  the  discharge  too  great,  as  in  the  case  of 
large  rivers,  Kutter's  formula  may  be  used  as  described  in 
the  last  article.  For  brooks  and  rivers,  however,  the  chan- 
nel is  seldom  regular  enough  to  make  an  accurate  determi- 
nation of  the  values  of  «,  r,  and  s  possible ;  hence,  the  results 
obtained  by  this  method  are  very  uncertain. 

The  best  method  of  finding  the  discharge  of  streams  where 
weirs  can  not  be  used  is  to  make  a  careful  measurement  of 
the  cross-section  and  then  find  the  mean  velocity  at  that 
cross-section  by  one  of  the  methods  described  below. 

Experiments  have  shown  that  if  a  cross-section  of  a  stream, 
as  shown  at  {a),  Fig.  184,  is  taken,  the  maximum  velocity  is 
at  some  distance  below  the  surface  where  the  stream  is 
deepest.  The  velocity  of  any  film  surrounding  the  point 
of  maximum  velocity  is  less  the  greater  its  distance  from 
that  point,  and  the  least  velocity  is  in  the  film  bordering  on 
the  bed  of  the  stream. 

At  (d)  is  shown  a  plan  of  the  stream,  with  a  curve  a  6  c 
showing  the  relative  velocities  at  different  points  on  the  sur- 
face; and  at  (c)  a  longitudinal  section  in  the  deepest  part, 
with  a  curve  d  ef  showing  the  relative  velocities  from  the 
surface  to  the  bottom. 

In  order  to  measure  the  average  velocity,  select  a  part  of 
the  stream  where  the  flow  is  regular  and  not  too  rapid,  and 
where  the  channel  is  as  smooth  and  regular  as  possible,  for 
a  distance  of  100  feet  or  more.     Divide  the  cross-section  into 
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a  convenient  number  of  parts,  as  shown  in  Fig.  184  (^/),  and 
find  the  average  depth  of  each  of  these  parts  by  sounding. 


r*/ 


Fig.  184. 

If  possible,  it  is  well  to  mark  the  cross-section  by  a  wire  o  o* 
stretched  across  the  stream,  with  bits  of  cloth  or  string  tied 
to  it  to  mark  the  points  of  division. 

The  area  of  each  of  the  parts  of  the  cross-section  is  its 
breadth  multiplied  by  its  average  depth,  and  the  quantity  of 
water  passing  a  division  is  the  product  of  its  area  and  its 
mean  velocity  of  flow. 
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THE  CURRBNT-MBTBR. 

1035.  The  best  method  of  measuring  the  velocity  is  by 
means  of  a  current-meter,  an  instrument  provided  with 
vanes  like  a  windmill  that  turn  when  the  instrument  is  held 
in  a  current  of  water.  Fig.  185  shows  the  original  current- 
meter  of  this  class,  known  as  Woltmanii's  taclioineter. 


Fig.  185. 

The  instrument  is  fastened  to  a  rod  rf,  by  which  it  can  be 
held  in  the  stream  where  the  velocity  of  the  current  is  to  be 
measured.  The  vanes  are  attached  to  a  spindle  which  is 
provided  with  a  worm  7v.  A  frame  carries  a  train  of  wheels 
that  can  be  made  to  gear  with  the  worm  by  pulling  the 
cord  e. 

To  use  the  instrument,  it  must  be  held  steadily  in  the 
water  with  the  wheel  facing  the  current.  When  it  is  in 
the  proper  position,  throw  the  recording  device  into  gear  by 
pulling  the  cord  e,  and  hold  it  there  for  a  certain  time,  then 
release  it,  taking  great  care  to  note  the  exact  time  during 
which  the  cord  is  held.     The  instrument  can  then  be  taken 
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out  of  the  water  and  a  record   made  of  the  time  and  the 
number  of  revolutions  shown  by  the  recording  device. 

Fig.  186  shows  one  of  the  latest  forms  of  current-meter, 
in  which  the  number  of  revolutions  is  shown  by  an  electric 


PIO.   188. 


register  a,  which  is  connected  to  the  instrument  by  an  in- 
sulated wire.     The  register  may  be  placed  on  the  shore  or 
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in  a  boat.  A  vane  v  holds  the  wheel  to  the  current,  and 
for  deep,  swift  currents,  a  heavy  weight  b  is  used  to  sink 
and  hold  the  meter  in  place.  For  shallow  streams  the  in- 
strument is  best  used  on  a  rod  similar  to  that  shown  for 
Woltman*s  tachometer. 


RATING  THE  CURRENT-METER. 

1036.  Before  using  a  current-meter,  it  must  be  rated 
by  passing  it  through  still  water  at  different  known  veloci- 
ties and  noting  the  number  of  revolutions  for  each  velocity. 


USE  OF  THE   CURRENT-METER. 

1037*  To  find  the  mean  velocity  for  a  given  division 
of  any  cross-section  of  a  stream  (for  example,  the  division 
marked  2  in  (^),  Fig.  184),  hold  the  meter  for  a  given  length 
of  time  at  different  successive  depths  in  the  middle  of  the 
division  and  note  the  velocity  for  each  position ;  then  take 
the  average  of  these  velocities  as  the  mean  velocity  of  the 
given  section.  Thus,  suppose  the  mean  depth  of  division  2 
in  Fig.  184  {d)  is  8  feet,  and  the  meter  shows  a  velocity  of 
1.8  feet  per  second  at  the  bottom,  2.1  feet  per  second  at  2 
feet,  2.5  feet  per  second  at  4  feet,  and  2.3  feet  per  second  at 
6  feet  from  the  bottom,  and  2.2  feet  per  second  just  below 
the  surface;  then  the  average  of  the  five  readings  is  2.18 
feet  per  second,  which  may  be  taken  as  the  mean  velocity 
for  this  division.  If  this  division  is  6.25  feet  wide,  the 
quantity  of  water  flowing  through  it  is  8  X  6.25  X  2.18  = 
109  cubic  feet  per  second.  The  quantity  flowing  in  each 
division  can  be  found  in  the  same  way  and  the  sum  of  the 
values  found  for  all  the  divisions  will  be  the  total  discharge 
of  the  stream. 

A  good  method  for  finding  the  mean  velocity  for  any 
division  is  to  start  with  the  meter  at  the  bottom  of  the 
stream  in  the  middle  of  the  division  and  move  it  slowly  and 
uniformly  to  the  surface,  noting  the  time  and  number  of 
revolutions  in  the  period  during  which  the  meter  is  being 
raised. 
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MBASfJRING  THB  VBLOCITV  BY  MBANS  OF  FLOATS. 

1038.  If  a  current- meter  can  not  be  had,  the  velocity 
of  a  stream  may  be  measured  by  means  of  floats.  For  this 
purpose  the  best  is  the  rod  float,  which  consists  of  a  rod 
of  wood  or  a  closed  tin  tube,  with  one  end  so  weighted  that 
it  will  float  in  the  water  in  a  nearly  vertical  position,  and 
with  the  lower  end  as  near  the  bottom  as  possible,  without 
touching  at  any  point.  See  1,  2,  3,  etc.,  Fig.  184  {d).  It 
is  best  to  use  a  number  of  tin  tubes  about  two  inches  in 
diameter  and  of  such  lengths  that  each  will  float  in  the 
division  whose  velocity  is  to  be  measured  with  only  enough 
above  the  surface  to  be  plainly  seen.  Fill  the  lower  ends  of 
the  tubes  with  sand  or  shot  until  they  float  at  the  required 
depth.  Mark  two  stations  on  the  stream  at  least  100  feet 
apart  in  such  a  manner  that  the  exact  moment  at  which  a 
tube  passes  each  station  can  be  noted.  A  good  way  is  to 
mark  the  stations  by  a  wire,  as  shown  in  Fig.  184  (d).  An- 
other and  more  accurate  method  is  to  have  a  transit  at  each 
station  and  note  the  time  when  each  tube  passes  the  cross- 
hair. Good  results  may  be  obtained  by  range  stakes  placed 
on  the  opposite  banks. 

Start  the  tubes  far  enough  up  the  stream  from  the  first 
station,  so  that  they  will  have  the  velocity  of  the  water  when 
they  pass  that  station,  and  carefully  note  the  time  it  takes 
each  tube  to  pass  over  the  distance  between  the  two  stations. 
The  distance  between  the  stations  in  feet,  divided  by  the 
time  in  seconds,  ^ives  the  velocity  in  feet  per  second  for  the 
division  in  which  the  tube  floated.  From  this  velocity  and 
the  area  of  the  division,  the  quantity  of  flow  can  be  com- 
puted in  the  same  manner  as  described  for  the  current- 
meter. 

Surface  floats  are  sometimes  used  for  obtaining  the 
velocity  of  flow.  Find  the  average  velocity  in  feet  per  sec- 
ond with  which  the  float  passes  between  two  stations,  in 
the  same  way  as  has  been  described  for  rod  floats.  Then,  if 
«/  is  the  observed  velocity  for  any  division  of  the  stream, 
the  mean  velocity  of  that  division  may  be  taken  as 
v=z.9v\  (52.) 
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Example. — If  two  stations  on  a  stream  are  200  feet  apart,  and  a 
surface  float  in  a  given  section  passes  over  the  distance  between  the 
two  stations  in  7  minutes  and  25  seconds,  what  is  the  mean  velocity  of 
flow  in  that  section  ? 

Solution. — The  velocity  of  the  float  is 

,      200        , ,^  ^ 
7/  =-,^  —  .449  foot  per  second; 
445  ' 

therefore,  according  to  the  formula,  the  mean  velocity  is 

7/  =  .9  z/'  =  .9  X  .449  =  .404  ft.  per  second.     Ans. 

For  a  rough  approximation  a  single  surface  float  passing 
along  the  axis  of  the  stream  may  be  used.  For  this  case  the 
mean  velocity  of  the  whole  stream  may  be  taken  as  .8  of  the 
velocity  of  the  float.  Surface  floats  should  be  of  such  a 
form  as  to  rise  but  little  above  the  surface  of  the  water,  so 
as  to  be  but  little  affected  by  currents  of  air,  and  they 
should  be  used  only  when  there  is  a  calm,  since  the  wind 
has  a  great  influence  on  the  surface  velocity  of  a  stream. 

Submersed  Floats. — A  float  that  gives  better  results 
than  the  surface  float  is  shown  in  Fig.  187.     A  body  heavy 
^  enough  to  sink,  and  at  the 

l^f^'^f^^--^    ^.7""^^^^^5H  same  time  present  as  large 
W^^t       "    ^  VtI  a  surface   to   the  water  in 

^"       "    "     J  '     i  proportion  to  its  weight  as 

I  [a  I     ]^^-~"^:- j  possible,    is   attached   to   a 

p.  -~  7^  -     -^  float   on   the   surface   by  a 

Ir^  :^|  fine    cord    or   wire,    whose 

1^      7  -^  L- J  length  is  just  sufficient  to 

^■:vM////^///^//{iyyyy.,,  /.-y .//yv/y/J^  allow  the  submcrgcd  body 
Fig.  187.  to   float    half  way  between 

the  surface  and  the  bottom.  The  surface  float  B  should  be 
made  to  offer  as  little  resistance  as  possible  to  its  passage 
through  the  water,  the  object  being  to  get  the  velocity  at 
mid-depth,  as  nearly  as  possible.  In  the  figure  the  sub- 
merged float  A  is  made  of  two  strips  of  tin  or  sheet  metal 
fastened  together  in  the  form  of  a  cross,  as  shown  in  plan  at 
C.  A  small  weight  D  is  attached  to  the  bottom,  as  shown, 
to  assist  in  keeping  the  float  in  a  vertical  position. 

This    float    is   used   in   the   same  manner   as   has   been 
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described  for  rod  floats.     The  mean  velocity  for  any  division 
may  be  taken  as  .98  of  the  velocity  of  the  float. 

The  principles  involved  in  the  above  methods  of  measur- 
ing the  velocities  of  streams  are  simple,  but  in  order  to  get 
good  results  great  care  must  be  taken  in  making  the  vari- 
ous measurements  and  observations.  In  most  cases  it  is 
best  to  repeat  the  observations  several  times  and  take  the 
mean  of  the  results  obtained  as  the  probable  real  value. 


BXAMPLBS  FOR  PRACTICE. 

1.  A  circular  brick  sewer  3  feet  in  diameter  falls  8.75  feet  in  a 
length  of  2,500  feet.     What  is  the  slope  ?  Ans.  .0015. 

2.  The  sewer  in  example  1  flows  half  full,  (a)  What  is  its  wetted 
penmeter  ?  (^)  What  is  its  hydraulic  radius  ?  (c)  What  is  the  value 
of  t:  f rom  Kutter's  formula,  using  the  value  of  n  for  fouled  sewers? 
(d)  What  is  the  mean  velocity  of  flow  ?  (f)  What  is  the  discharge  in 
cubic  feet  per  second  ?  f  (a)  4.7124  ft. 

(d)  .75. 
Ans.  ^    (r)  80.9. 

(if)  2.71  ft.  per  sec 

(e)  9.58  cu.  ft.  per  sec. 

3.  The  following  table  gives  the  results  of  a  survey  for  the  purpose 
of  finding  the  flow  of  a  river: 


Divisions  of 

the 
Cross-Section. 

Width  of 
Divisions. 

Mean  Depth 
of  Divisions. 

No.  1 

6  feet 

2.12  feet 

No.  2 

10  feet 

5.17  feet 

No.  3 

10  feet 

8.27  feet 

No.  4 

10  feet 

7.46  feet 

No.  5 

10  feet 

4.72  feet 

No.  6 

5.25  feet 

8.85  feet 

, 

— 

• 

Mean  Velocity  in  each  Divi- 
sion as  Determined  by 
Current-Meter. 


0.315  feet  per  second 
1.227  feet  per  second 
2.080  feet  per  second 
2.049  feet  per  second 
1.156  feet  per  second 
0.720  feet  per  second 


What  is  the  discharge  (a)  in  each  division,  and  {d)  in   the   whole 


stream  ? 


r  (a) 


Ans. - 


Division  1,  4.0068  cu.  ft.  per  sec. 
Division  2,  63.4359  cu.  ft.  per  sec. 
Division  3,  172.0160  cu.  ft.  per  sec. 
Division  4,  152.8554  cu.  ft.  per  sec. 
Division  5,  54.5632  cu.  ft.  per  sec. 
Division  6,  12. 6630  cu.  ft.  per  sec 
(^)  459.5403  cu.  ft.  per  sec. 
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PROPERTIES  OF  AIR  AND  GASES. 


1039.  Pneumatics  is  that  branch  of  Mechanics  which 
treats  of  the  properties  of  gases. 

1040.  The  most  striking 
feature  concerning  gases  is  that, 
no  matter  how  small  the  quan- 
tity may  bc^  they  will  always 
fill  the  vessels  which  contain 
them.  If  a  bladder  or  football 
is  partly  filled  with  air  and 
placed  under  a  glass  jar  (called 
a  receiver),  from  which  the 
air  has  been  exhausted,  the 
bladder  or  football  will  immedi-  i 
ately  expand,  as  shown  in  Fig. 

188.      The   force   which   a   gas  Fio.  188. 

always  exerts  when  confined  in  a  limited  space,  is  called 
tension.  The  word  tension  in  this  case  means  pressure, 
and  is  only  used  in  this  sense  in  reference  to  gases. 

1041.  As  water  is  the  most  common  type  of  fluids,  so 
air  is  the  most  common  type  of  gases.  It  was  supposed  by 
the  ancients  that  air  was  imponderable,  i.  e.,  that  it  weighed 
nothing,  and  it  was  not  until  about  the  year  1050  that  it  was 
proven  that  air  really  had  weight.  A  cubic  inch  of  air, 
under  ordinary  conditions,  weighs  .31  grain,  nearly.  The 
ratio  of  the  weight  of  air  to  water  is  about  1  :  774 ;  that 
is,  air  is  only  -^^^  as  heavy  as  water.  It  can  be  shown 
experimentally  that  if  a  body  be  immersed  in  water,  and 
weighs  less  than  the  volume  of  water  displaced,  the  body 
will   rise  and  extend  partly  out  of  the  water.     The    same 

For  notice  of  copyright,  see  page  immediately  following  the  title  page. 
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IS  true  to  a  certain  extent  of  air.  If  a  vessel  made  of  light 
material  is  filled  with  a  gas  lighter  than  air,  so  that  the 
total  weight  of  the  vessel  and  gas  is  less  than  the  weight  of 
the  volume  of  air  which  they  displace,  the  vessel  will  rise. 
It  is  on  this  principle  that  balloons  are  made. 

1 042.  Since  air  has  weight,  it  is 
evident  that  the  enormous  quantity 
of  air  that  constitutes  the  atmos- 
phere must  exert  a  considerable  pres- 
sure upon  the  earth.  This  is  easily 
proven  by  taking  a  long  glass  tube, 
closed  at  one  end,  and  filling  it  with 
mercury.  If  the  finger  is  placed  over 
the  open  end,  so  as  to  keep  the  mer- 
cury from  running  out,  and  the  tube 
is  inverted  and  placed  in  a  cup  of 
mercury,  as  shown  in  Fig.  189,  the 
mercury  will  fall,  then  rise,  and  after 
a  few  oscillations  will  come  to  rest  at 
a  height  above  the  top  of  the  mercury 
in  the  glass  equal  to  about  30  inches. 
This  height  will  always  be  the  same 
under  the  same  atmospheric  condi- 
tions (allowance  being  made  for  the 
effects  of  capillary  attraction).  Now, 
if  the  atmosphere  has  weight,  it  must 
press  upon  the  upper  surface  of  the 
mercury  in  the  glass  with  equal  in- 
tensity upon  every  square  unit,  ex- 
cept upon  that  part  of  the  surface  occupied  by  the  tube. 
According  to  a  well-known  law  of  hydromechanics,  this  pres- 
sure is  transmitted  in  all  directions.  There  being  nothing  in 
the  tube,  except  the  mercury,  to  counterbalance  the  upward 
pressure  of  the  air,  the  mercury  falls  in  the  tube  until  it  exerts 
a  downward  pressure  on  the  upper  surface  of  the  mercury  in 
the  cup  sufficiently  great  to  counterbalance  the  upward  pres- 
sure produced  by  the  atmosphere.     In  order  that  there  shall 


Fig.  189. 
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be  equilibrium,  the  pressure  of  the  air.  per  unit  of  area  on  the 
upper  surface  of  the  mercury  in  the  glass  must  equal  the 
pressure  (weight)  exerted  per  unit  of  area  by  the  mercury 
inside  of  the  tube.  Suppose  that  the  area  of  the  inside  of  the 
tube  is  one  square  inch  ;  then,  since  mercury  is  13.6  times  as 
heavy  as  water,  the  weight  of  the  mercurial  column  is  .03017 
X  13.6  X  30=  14.7574  pounds.  The  actual  height  of  the 
mercury  is  a  little  less  than  30  inches,  and  the  actual  weight 
of  a  cubic  inch  of  distilled  water  is  a  little  less  than  .03617 
pound.  When  these  considerations  are  taken  into  account, 
the  average  weight  of  the  mercurial  column  at  the  level  of 
the  sea  is  14.69  pounds,  or,  as  it  is  usually  expressed,  14.7 
pounds.  Since  this  weight,  exerted  upon  1  square  inch  of 
the  liquid  in  the  glass,  just  produced  equilibrium,  it  is  plain 
that  the  pressure  of  the  outside  air  is  14.7  pounds  upon  every 
square  inch  of  surface. 

1043*  Vacuum. — The  space  between  the  upper  end  of 
the  tube  and  the  upper  surface  of  the  mercury  is  called  a 
vacuum,  meaning  that  it  is  an  entirely  empty  space,  and 
does  not  contain  any  substance,  solid,  liquid,  or  gaseous.  If 
there  was  a  gas  of  some  kind  there,  no  matter  how  small  the 
quantity  might  be,  it  would  expand,  filling  the  space,  and 
its  tension  would  cause  the  column  of  mercury  to  fall  and 
become  shorter,  according  to  the  amount  of  gas  or  air  present. 
The  space  is  then  called  a  partial  vacuum.  If  the  mer- 
cury fell  1  inch,  so  that  the  column  was  only  29  inches  high, 
we  should  say,  in  ordinary  language,  that  there  were  ^9  inches 
of  vacuum.  If  it  fell  8  inches,  we  would  say  that  there  were 
22  inches  of  vacuum  ;  if  it  fell  16  inches,  we  would  say  that 
there  were  14  inches  of  vacuum,  etc.  Hence,  when  the 
vacuum  gauge  of  a  condensing  engine  shows  26  inches  of 
vacuum,  there  is  enough  air  in  the  condenser  to  produce 

a  pressure  of  — — —  x  14.7  =  -^ttt  X  14.7  =  1.96  pounds  per 

square  inch.  In  all  cases  where  the  mercurial  column  is 
used  to  measure  a  vacuum,  the  height  of  the  column  in 
inches  gives  the  number  of  inches  of  vacuum.     Thus,  if  the 
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column  were  5  inches  high,  or  the  vacuum  gauge  showed 
5  inches,  the  vacuum  would  be  5  inches. 

If  the  tube  had  been  filled  with  water  instead  of  mercury, 

the  height  of  the  column  of  water  to  balance  the  pressure  of 

the  atmosphere  would  have  been  30  X  13.  G  =  408  inches  = 

34  feet.     This  means  that  if  a  tube  were  filled  with  water, 

inverted  and  placed  in  a  dish  of  water  in  a  manner  similar  to 

the  experiment  made  with  the  mercury,  that  the 

resulting  height  of  the  column  of  water  would  be 

34  feet. 

1044.  The  barometer  is  an  instrument 
used  for  measuring  the  pressure  of  the  atmos- 
phere. There  are  two  kinds  in  general  use — the 
mercurial  barometer  and  the  aneroid  barometer. 
The  mercurial  barometer  is  shown  in  Fig. 
190.  The  principle  is  the  same  as  in  the  case  of 
the  inverted  tube  shown  in  Fig.  189.  The  tube 
and  cup  at  the  bottom  are  protected  by  a  brass 
or  iron  casing.  At  the  top  of  the  tube  is  a  grad- 
uated scale  which  can  be  read  to  y^^^^  of  an  inch, 
by  means  of  a  vernier.  Attached  to  the  casing 
is  an  accurate  thermometer  for  determining  the 
temperature  of  the  outside  air  at  the  time  the 
barometric  observation  is  taken.  This  is  neces- 
sary, since  mercury  expands  when  the  temperature 
is  increased,  and  contracts  when  the  temperature 
falls  ;  for  this  reason  a  standard  temperature  is 
assumed,  and  all  barometer  readings  are  reduced 
to  this  temperature.  This  standard  temperature 
is  usually  taken  at  32°  F.,  at  which  temperature 
the  height  of  the  mercurial  column  is  30  inches. 
Another  correction  is  made  for  the  altitude  of  the 
place  above  sea  level,  and  a  third  correction  for 
the  effects  of  capillary  attraction. 

1045.  In  Fig.  191  is  shown  a  cut  of  an 
aneroid   barometer.     These   instruments   are 

Fig  190     ^^^^  ^^   various  sizes,  from  the  size  of  a  large 
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watch  up  to  an  8  or  10  inch  face.  They  consist  of  a  cylin- 
drical box  of  metal,  with  a  top  of  thin,  elastic,  corrugated 
metal.  The  air  is  removed  from  the  box.  When  the  atmos- 
pheric pressure  increases,  the  top  is  pressed  inwards,  and 
when  it  is  diminished,  the  top  is  pressed  outwards  by  its 
own  elasticity,  aided  by  a  spring  beneath.  These  movements 
of  the  cover  are  transmitted  and  multiplied  by  a  combina- 
tion of  delicate  levers  which  act  upon,  an  index  hand  and 


Fig.  191. 
cause  it  to  move  either  to  the  right  or  left  over  a  graduated 
scale.  These  barometers  are  self-correcting  (compensated) 
for  variations  in  temperature.  They  are  very  portable, 
occupying  but  a  small  space,  and  are  so  delicate  that  they 
are  said  to  show  a  difference  in  the  atmospheric  pressure 
when  transferred  from  the  table  to  the  floor.  They  must  bf 
handled  with  care,  as  they  are  easily  injured.  The  mercurial 
barometer  is  the  standard. 
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1046.  With  air,  as  with  water,  the  lower  we  get,  the 
greater  the  pressure,  and  the  higher  we  get,  the  less  the 
pressure.  At  the  level  of  the  sea,  the  height  of  the  mer- 
curial column  is  about  30  inches;  at  5,000  feet  above  the 
sea,  it  is  24.7  inches;  at  10,000  feet  above  the  sea,  it  is  20.5 
inches;  at  15,000  feet  above  the  sea,  it  is  16.9  inches;  at  3 
miles,  it  is  1G.4  inches,  and  at  6  miles  above  the  sea  level,  it 
is  8.9  inches. 

The  density  also  varies  with  the  altitude ;  that  is,  a  cubic 
foot  of  air  at  an  elevation  of  5,000  feet  above  the  sea  level 
will  not  weigh  as  much  as»a  cubic  foot  at  sea  level.  This  is 
proved  conclusively  by  the  fact  that  at  a  height  of  3^^  miles 
the  mercurial  column  measures  but  15  inches,  indicating 
that  half  the  weight  of  the  entire  atmosphere  is  below  that. 
It  is  known  that  the  height  of  the  earth's  atmosphere  is  at 
least  50  miles;  hence,  the  air  just  before  reaching  the  limit 
must  be  in  an  exceedingly  rarefied  state.  It  is  by  means  of 
barometers  that  great  heights  are  measured.  The  aneroid 
barometer  has  the  heights  marked  on  the  dial,  so  that  it  can 
be  read  directly.  With  the  mercurial  barometer,  the  heights 
must  be  calculated  from  the  reading. 

1047.  The  atmospheric  pressure  is  everywhere  present, 
and  presses  all  objects  in  all  directions  with  equal  force.  If 
a  book  is  laid  upon  the  table,  the  air  presses  upon  it  in 
every  direction  with  an  equal  average  force  of  14.7  pounds 
per  square  inch.  It  would  seem  as  though  it  would  take 
considerable  force  to  raise  a  book  from  the  table,  since,  if  the 
size  of  the  book  were  8  inches  by  5  inches,  the  pressure  upon 
it  is  8  X  5  X  14.7  =  588  pounds;  but  there  is  an  equal  pres- 
sure beneath  the  book  to  counteract  the  pressure  on  the  top. 
It  would  now  seem  as  though  it  would  require  a  great  force 
to  open  the  book,  since  there  are  two  pressures  of  588  pounds 
each,  acting  in  opposite  directions,  and  tending  to  crush  the 
book;  so  it  would  but  for  the  fact  that  there  is  a  layer  of  air 
between  each  leaf  acting  upwards  and  downwards  with  a  pres- 
sure of  14.7  pounds  per  square  inch.  If  two  metal  plates  be 
made  as  perfectly  smooth  and  flat  as  it  is  possible  to  get 
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them,  and  the  edge  of  one  be  laid  upon  the  edge  of  the 
other,  so  that  one  may  be  slid  upon  the  other,  and  the  air 
thus  excluded,  it  will  take  an  immense  force,  compared  with 
the  weight  of  the  plates,  to  separate  them.  This  is  because 
the  full  pressure  of  14.7  pounds  per  square  inch  is  then 
exerted  upon  each  plate  with  no  counteracting  equal  pres- 
sure between  them. 

If  a  piece  of  flat  glass  be  laid  upon  a  flat  surface  that  has 
been  previously  moistened  with  water,  it  will  require  con- 
siderable force  to  separate  them ;  this  is  because  the  water 
helps  to  fill  up  the  pores  in  the  flat  surface  and  glass,  and 
thus  creates  a  partial  vacuum  between  the  glass  and  the 
surface,  thereby  reducing  the  counter  pressure  beneath  the 
glass.  ' 

1048.     Tension   of  Gases. — In   Fig.  189    the    space 

above  the  column  of  mercury  was  said  to  be  a  vacuum,  and 

that   if   any  gas  or  air  was  present,  it  would  expand,  its 

tension   forcing   the   column   of   mercury  downwards.      If 

enough  gas  is  admitted  to  cause  the  mercury  to  stand  at 

14  7 
15  inches,  the  tension  of  the  gas  is  evidently  — -  =  7. 35  pounds 

per  square  inch,  since  the  pressure  of  the  outside  air  of  14.7 
pounds  per  square  inch  only  balances  15  inches,  instead  of  30 
inches,  of  mercury;  that  is,  it  balances  only  half  as  much  as 
it  would  if  there  were  no  gas  in  the  tube ;  therefore,  the 
pressure  (tension)  of  the  gas  in  the  tube  is  7.35  pounds.  If 
more  gas  is  admitted  until  the  top  of  the  mercurial  column 
is  just  level  with  the  mercury  in  the  cup,  the  gas  in  the  tube 
has  then  a  tension  equal  to  the  outside  pressure  of  the 
atmosphere.  Suppose  that  the  bottom  of  the  tube  is  fitted 
with  a  piston,  and  that  the  total  length  of  the  inside  of  the 
tube  is  36  inches.  If  the  piston  be  shoved  upwards  so  that 
the  space  occupied  by  the  gas  is  18  inches  long,  instead  of  36 
inches,  the  temperature  remaining  the  same  as  before,  it 
will  be  found  that  the  tension  of  the  gas  within  the  tube  is 
29.4  pounds  per  square  inch.  It  will  be  noticed  that  the 
volume  occupied  by  the  gas  is  only  half  that  in  the  tube 
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before  the  piston  was  moved,  while  the  pressure  is  twice  as 

great,  since  14.7  X  2  =  29.4  pounds.     If  the  piston  be  shoved 

up,  so  that  the  space  occupied  by  the  gas  is  only  9  inches, 

instead  of  18  inches,  the  temperature  still  remaining  the 

same,  the  pressure  will  be  found  to  be  58.8  pounds  per  square 

inch.     The  volume  has  again  been  reduced  one-half,  and  the 

pressure   increased   2   times,  since  29.4  X  2  =  58.8   pounds. 

The  space  now  occupied  by  the  gas  is  9  inches  long,  whereas, 

before  the  piston  was  moved  it  was  36  inches  long  ;  as  the 

tube  was  assumed  to  be  of  uniform  diameter  throughout  its 

9 
length,  the  volume  is  now  —  =  ^  of  its  original  volume,  and 

.  58.8  ,...., 
its  pressure  is  —pjy  =  4  times  its  original  pressure.  More- 
over, if  the  temperature  of  the  confined  gas  remains  the 
same,  the  pressure  and  volume  will  always  vary  in  a  similar 
way.  The  law  which  states  these  effects  is  called  Mariotte's 
Law^  and  is  as  follows : 

1049*  Mariotte'a  Law. —  The  temperature  remaining 
the  same^  the  volume  of  a  given  quantity  of  gas  varies 
inversely  as  the  pressure. 

The  meaning  of  this  is  :  If  the  volume  of  the  gas  is 
diminished  to  4,  -J,  i,  etc. ,  of  its  former  volume,  the  tension 
will  be  increased  2,  3,  5,  etc.,  times,  or  if  the  outside  pres- 
sure be  increased  2,  3,  5,  etc.,  times,  the  volume  of  the  gas 
will  be  diminished  to  \,  J,  |,  etc. ,  of  its  original  volume,  the 
temperature  remaining  constant.  It  also  means  that  if  a 
gas  is  under  a  certain  pressure,  and  the  pressure  is  dimin- 
ished to  \,  I,  yV»  ^tc. ,  of  its  original  pressure,  that  the  volume 
of  the  confined  gas  will  be  increased  2,  3, 10,  etc.,  times — its 
tension  decreasing  at  the  same  rate. 

Suppose  3  cubic  feet  of  air  to  be  under  a  pressure  of  60 
pounds  per  square  inch  in  a  cylinder  fitted  with  a  movable 
piston ;  then,  the  product  of  the  volume  and  pressure  is  3  X 
60  =  180.  Let  the  volume  be  increased  to  6  cubic  feet,  then 
the  pressure  will  be  30  pounds  per  square  inch,  and  30  X  6 
=  180,  as  before.     Let  the  volume  be  increased  to  24  cubic 
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24 
feet,  it  is  then  — -  =  8  times  its  original  volume,  and  the 
o 

pressure  is  ^  of  its  original  pressure,  or  GO  X  i  =  7^^  pounds, 

and  24  X  7^  =  180,  as  in  the  two  preceding  cases.     It  will 

now  be  noticed  that  if  a  gas  be  enclosed  within  a  confined 

space,  and  allowed  to  expand  without  losing  any  heat,  t/ie 

product  of  the  pressure^  and  the  corresponding  volume  for  one 

position  of  the  piston^  is  the  same  as  for  any  other  position  of 

the  piston.     If  the  piston  were  to  compress  the  air,  the  same 

result  would  be  obtained. 

Let  /    =  pressure  for  one  position  of  the  piston ; 

/,  =  pressure  for  any  other  position  of  the  piston ; 

V   =  volume  corresponding  to  the  pressure/; 

v^  =  volume  corresponding  to  the  pressure  /,. 

Then,/T/=/,T/,.  (53.) 

1050.     Knowing  the  volume  and  the  pressure  for  any 

position  of  the  piston,  and  the  volume  for  any  other  position, 

the  pressure  may  be  calculated,  or,  if  the  pressure  is  known 

for  any  other  position,  the  volume  may  be  calculated. 

Example. — If  1.875  cubic  feet  of  air  be  under  a  pressure  of  72 
pounds  per  square  inch  (a)  what  will  be  the  pressure  when  the  volume 
is  increased  to  2  cubic  feet  ?   (^)  to  3 cubic  feet  ?  U)  to  9  cubic  feet  ? 

Solution. — Solving  formula  53,  for/,,  the  unknown  pressure, 

/  X      ^       P'^       72x1.875       _,  ,-  .         . 

{a)     Pi  =  ^-—  — jr =  «7i  lb.  per  sq.  m.     Ans, 

V\  a 

(fi)     px  =  - — ^-^ =  45  lb.  per  sq.  in.     Ans. 

o 

,.       ^         72x1.875       .^..  .         - 

{c)     pi  = ^~ =  15  lb.  per  sq.  m.     Ans. 

Example. — Ten  cubic  feet  of  air  have  a  tension  of  5.6  pounds  per 
square  inch ;  (a)  what  is  the  volume  when  the  tension  is  4  pounds  I 
(b)  8  pounds  ?  (c)  25  pounds  ?  (^)  100  pounds  ? 

Solution. — Solving  formula  53,  for  t/,, 

IS  /^      5.6x10      ^.         .        . 

ya)  Vi  =<-—'  z= -: =  14  cu.  ft.     Ans. 

Pi  4 

/ix  5.6  X 10       -  r.        A 

(d)  vi  = £^ —  =  7  cu.  ft.     Ans. 

o 

(c)  V,  =  ^1><^  =  2.24  cu.  ft.     Ans. 

40 

tj\  5.6  X  10       .„         c.       A 

(d)  Vi  =  — ^^- —  =r  .56  cu,  ft.     Ans. 

XUv 
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1 05 1  •  Note. — There  are  two  ways  of  measuring  the  pressure  of 
a  gas  :  by  means  of  an  instrument  called  a  manometer,  and  by 
means  of  a  g^auq^e.  The  manometer  generally  used  is  practically  the 
same  as  a  mercurial  barometer,  except  that  the  tube  is  much  longer, 
so  that  pressures  equal  to  several  atmospheres  may  be  measured,  and 
is  enlarged  and  bent  info  a  U  shape  at  the  lower  end ;  both  lower  and 
upper  ends  are  open,  the  lower  end  being  connected  to  the  vessel  con- 
taining the  gas  whose  pressure  it  is  desired  to  measure.  The  gauge 
is  so  common  that  no  description  of  it  will  be  given  here.  With  both 
the  manometer  described  above  and  the  gauge,  the  pressures  recorded 
are  the  amounts  by  which  they  exceed  the  atmospheric  pressure,  and 
are  called  the  ffauffe  pressures.  To  finci  the  real  pressure, 
called  the  absolute  pressure,  the  atmospheric  pressure  must  be 
added  to  the  gauge  pressure.  In  all  formulas  in  which  the  pressure  of 
a  gas  or  steam  is  used,  the  absolute  pressure  must  be  used,  unless  the 
gauge  pressure  is  distinctly  specified  as  being  the  prop>er  pressure  to 
use.  For  convenience,  all  pressures  given  in  Arts.  1039  to  1088, 
inclusive,  and  in  the  questions  referring  to  these  articles,  will  be 
absolute  pressures,  and  the  word  **  absolute"  will  be  omitted  to  avoid 
its  constant  repetition. 

1052.  As  a  necessary  consequence  of  Mariotte's  law,  it 
may  be  stated  that  the  density  of  a  gas  varies  directly  as  the 
pressure^  and  inversely  as  the  volume ;  that  is^  the  density  in- 
creases as  the  pressure  increases^  and  decreases  as  the  volume 
increases. 

This  is  evident,  since  if  a  gas  has  a  tension  of  2  atmo- 
spheres, or  14.7  X  2  =  29.4  pounds  per  square  inch,  it  will 
weigh  twice  as  much  as  the  same  volume  would  if  the  ten- 
sion was  1  atmosphere,  or  14. 7  pounds  per  square  inch.  For, 
let  the  volume  be  increased  until  it  is  twice  as  great  as  the 
original  volume,  the  tension  will  then  be  1  atmosphere.  The 
total  weight  of  the  gas  has  not  been  changed,  but  there  are 
now  2  cubic  feet  for  every  1  cubic  foot  of  the  original 
volume,  and  the  weight  of  1  cubic  foot  now  is  only  half  as 
great  as  before.  Thus,  the  density  decreases  as  the  volume 
increases,  and  as  an  increase  of  pressure  causes  a  decrease 
of  volume,  the  density  increases  as  the  pressure  increases. 

Let  D  be  the  density  corresponding  to  the  pressure  /  and 
volume  v^  and  Z>,  be  the  density  corresponding  to  the  pres- 
sure/, and  volume  v^\  then, 

/  :  Z>=A  :  A,  or/  D,  =  A  A  (54.) 

and        V  :  D^^v^:  Dy  or  v  D=v^  A-  (55.) 

Since  the  weight  is  proportional  to  the  density,  the 
weights  may  be  used  in  place  of  the  densities  in  formulas 
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54  and  55.  Thus,  let  J['be  the  weight  of  a  cubic  foot  of 
air  or  other  gas,  whose  volume  is  t/ and  pressure  is  / ;  let 
IV^  be  the  weight  of  a  cubic  foot  when  the  volume  is  v^  and 
pressure  is  /, ;  then, 

/^F.=/.^F.        (56.) 

vW=v^\i\.  (57.) 

Example. — The  weight  of  1  cubic  foot  of  air  at  a  temperature  of 
60®  F.,  and  under  a  pressure  of  one  atmosphere  (14.7  pounds  per  square 
inch),  is  .0768  pound;  what  would  be  the  weight  per  cubic  foot  if  the 
volume  were  compressed  until  the  tension  was  5  atmospheres,  the  tem- 
perature still  being  60"  F.  ? 

Solution.— Applying  formula  56,//i^i  =/,  l\\  or  1  x  JFi  =  5  X 
.076a     Hence,   Wx  =  .3815  lb.  per  cu.  ft.     Ans. 

Example. — If  in  the  last  example  the  air  had  expanded  until  the 
tension  was  5  pounds  per  square  inch,  what  would  have  been  its  weight 
per  cubic  foot  ? 

Solution. — ^Applying  formula  56,  /  ^,  =/,  W.    Here  p  =  14.7,  pi 

=  5  and   IV  =  .0768.     Hence,  147  x  /^^i  =  5  X  .0763,  or    IVi  =  '^^= 

14.7 

.02595  lb.  per  cu.  ft.     Ans. 

Example. — If  6.75  cubic  feet  of  air,  at  a  temperature  of  60"  F.,  and  a 
pressure  of  one  atmosphere,  are  compressed  to  2.25  cubic  feet  (the  tem- 
perature still  remaining  60*  F.),  what  is  the  weight  of  a  cubic  foot  of 
the  compressed  air  ? 

Solution. — Applying  formula  57,  vlV=Vi  IVu  or  6.75  x  .0768  = 

2.25  X  IVi ;  hence,  li^,  =  ^'^^^'^^^'^  =  .2289  lb.  per  cu.  ft.     Ans. 

1053.     In   all   that   has  been  said  before,  it  has  been 

stated  that  the  temperature  was  constant ;  the  reason  for 

this  will  now  be  explained.     Suppose  five  cubic  feet  of  air  to 

be  confined  in  a  cylinder  placed  in  a  vacuum,  so  that  there 

will  be  no  pressure  due  to  the  atmosphere,  and  suppose  the 

cylinder  to  be  fitted  with  a  piston  weighing  say  100  pounds, 

and  having  an  area  of  10  square  inches.     The  tension  of  the 

100 
gas  will  be-— r-=  10  pounds  per  square  inch.     Suppose  that 

the  temperature  of  the  air  is  32°  F.,  and  that  it  is  heated 
until  the  temperature  is  33°  F.,  i.  e.,  the  temperature  is 
1°,  it  will  be  found  that  the  piston  has  risen  a  certain  amount, 
and,  consequently,    the  volume   has  increased,  while  the 
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pressure  is  the  same  as  before,  or  10  pounds  per  square  inch. 
If  more  heat  is  applied  until  the  temperature  of  the  gas  is 
34°  F.,  it  will  be  found  that  the  piston  has  again  risen,  and 
the  volume  again  increased,  while  the  pressure  still  remains 
the  same.  It  will  be  found  that  for  every  increase  of  tem- 
perature there  will  be  a  corresponding  increase  of  volume. 
The  law 'which  expresses  this  change,  is  called  Gay-Lussac^s 
Law^  and  is  as  follows: 

1054.  Gay-LrU8sac*»  Law. — If  the  pressure  remains 
constant^  every  increase  of  temperature  of  i°  F,  produces  in  a 
given  quantity  of  gas  an  expansion  of  -^  of  its  volume  at 
32''  F, 

If  the  pressure  remains  constant,  it  will  also  be  found  that 
every  decrease  of  temperature  of  1°  F.,  will  cause  a  decrease 
of  -^^  of  the  volume  at  32°  F. 
Let  V  =  original  volume  of  gas; 
v^  =  final  volume  of  gas ; 

/  =  temperature  corresponding  to  volume  V] 
/j  =  temperature  corresponding  to  volume  v^, 

'■=<^^)-   <»«•' 

That  is,  t/ie  volume  of  gas  after  heating  (or  cooling^  equals 
the  original  volume^  multiplied  by  JfiO^  plus  the  final  tem- 
perature^ divided  by  J^SO^  plus  the  original  temperature. 

Example. —    5  cubic  feet  of  air  at  a  temperature  of  45^,  are  heated 
under  constant  pressure  up  to  177° ;  what  is  its  volume  ? 
Solution. — Applying  formula  58, 

/460  +  /A       jms  + 177\      ^  ^_         ,        . 

1055*  Suppose  that  a  certain  volume  of  gas  is  confined 
in  a  vessel  so  that  it  cannot  expand ;  in  other  words,  sup- 
pose that  the  piston  of  the  cylinder  before  mentioned  to  be 
fastened  so  that  it  cannot  move.  Let  a  gauge  be  placed  on 
the  cylinder  so  that  the  tension  of  the  confined  gas  can  be 
registered.  If  the  gas  is  heated,  it  will  be  found  that  for 
every  increase  of  temperature  of  1°  F.,  there  will  be  a  cor- 
responding increase  of   ^^  of   the  tension.     That  is.   the 
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volume  remaining  constant,  the  tension  increases  j^Jy  of  the 
original  tension  for  every  degree  rise  of  temperature. 
Let  /  =  the  original  tension ; 

/  =  the  corresponding  temperature; 

/,  =  final  tension ; 

/,  =  final  temperature. 

That  is,  if  a  certain  quantity  of  gas  be  heated  {or  cooled) 
from  /°  to  /,°,  the  volume  remaining  constant^  the  resulting 
tension  /,  will  be  equal  to  the  original  tension^  multiplied 
by  JfiO^  plus  the  final  temperature^  divided  by  ^60^  plus  the 
original  temperature. 

Example. — If  a  certain  quantity  of  air  is  heated  under  constant  vol- 
ume from  45*  to  177",  what  is  the  resulting  tension,  the  original  tension 
being  14.7  pounds  per  square  inch  ? 

Solution. — Applying  formula  59, 

^/460+/,\      ..„/460  +  177v      .o  rio  lu  •         a 

1056.  According  to  the  modern  and  now  generally 
accepted  theory  of  heat,  the  atoms  and  molecules  of  all 
bodies  are  in  an  incessant  state  of  vibration.  The  vibratory 
movement  in  the  liquids  is  faster  than  in  the  solids,  and  in 
the  gases,  faster  than  in  either  of  the  other  two.  Any 
increase  of  heat  increases  the  vibrations,  and  a  decrease  of 
heat  decreases  them.  From  experiments  and  calculations 
based  upon  higher  mathematics,  it  has  been  concluded  that 
at  460°  below  zero,  on  the  Fahrenheit  scale,  all  these  vibra- 
tions cease.  This  point  is  called  the  absolute  zero,  and 
all  temperatures  reckoned  from  this  point  are  called  the 
absolute  temperatures.  The  point  of  absolute  zero  has 
never  been  reached,  the  lowest  recorded  temperature  being 
about  393*^  F.  below  zero,  but,  nevertheless,  it  has  a  mean- 
ing, and  is  used  in  many  formulas,  being  nearly  always 
denoted  by  T,  The  ordinary  temperatures  are  denoted  by 
/.  When  the  word  temperature  alone  is  used,  the  meaning 
is  the  same  as  ordinarily  used,  but  when  absolute  tempera- 
ture is  specified,  460*^  F.  must  be  added  to  the  temperature. 
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The   absolute    temperature    corresponding    to   Sl"^''    F.    is 
400  +  212  =  072°  F.     If  the  absolute  temperature  is  given, 
the  ordinary  temperature  may  be  found  by  subtracting  400 
from  the   absolute  temperature.     Thus,  the  absolute  tem- 
perature !)eing  520''  F.,  what  is  the  temperature  ? 
520^  —  400"  =  (\{f. 
Let/  =^  pressure  in  pounds  per  square  inch; 
/'=  volume  of  air  in  cubic  feet; 
T=  absolute  temperature; 
IV  =  weight  in  pounds. 
Then,  /F=  .37052  T.         (60.) 

That  is,  f/ie  pressure  in  pounds  per  square  ineh,  multiplied 
by  the  volume  of  the  air  in  cubic  feet,  equals  .ri70f)2  times  the 
absolute  temperature  corresponding  to  the  pressure  p  and 
volume  V, 

In  this  formula,  the  weight  of  the  air  is  1  pound. 

Example.— The  pressure  upon  9  cubic  feet  of  air  weighing  1  pound 
is  20  pounds  per  square  inch ;  what  is  the  temperature  ? 

Solution.  —  Applying  formula  60,  p  r=. 37052  T,  or  20x9  = 

.37052  T;  hence,  T=  -^  =  485.8%  nearly.    485.8^  -  460  =  25.8%  the 
temperature.     Ans. 

Example. — What  is  the  volume  of  1  pound  of  air  whose  temperature 
is  60°  F.  under  a  pressure  of  one  atmosphere  ? 

Solution.— Applying  formula  60,  /  F=  .37053  T.     Substituting, 

14.7  X  y=  .37052  X  (460  -h  60)  =  .37052  X  520,   or    F=  •^^^'^^  ><  ^'^^  ^ 

14.  t 
13.107  cubic  feet.     Ans. 

1057.     If  the  weight  of  the  air  be  greater  or  less  than  1 
pound,  the  following  formula  must  be  used: 
/F=. 37052  W  T,         (61.) 

That  is,  the  pressure  in  pounds  per  square  inch,  multiplied 
by  the  volume  in  cubic  feet,  equals  .37052  times  the  weight  in 
founds  multiplied  by  the  absolute  temperature. 

Example. —  8  cubic  feet  of  air  weighing  .35  pound,  are  under  a  pres- 
sure of  48  pounds  per  square  inch ;  what  is  the  temperature  of  the  air  ? 

Solution.— Applying  formula  61 ,  /  J '  =  .37052 IVT.    Substituting. 

48  V  3 
48  X  3  =  .37052  X  .35  X  T;    or      T=    .>.?^o  J  qF  =  1.110.4^      Then. 

1,110.4'  -  460'  =  650.4'.    Ans. 
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Example. — ^What  is  the  weight  of  1  cubic  foot  of  air  at  a  tempera- 
ture of  32^,  and  under  a  pressure  of  one  atmosphere  ? 

Solution. — Applying  formula  61,/  K=  .37052 PVT,  Substituting, 
14.7  X  1  =  .37052  X  (460  +  32)  x  IV,  or 

IV  =  ,,^}t^  ,,,,  =  .0806882  lb.     Ans, 
.37().)2  X  492 

If  the  pressure  be  taken  as  14.69856  pounds  per  square  inch,  and  the 

absolute  zero  as  459.4,  instead  of  460   below  zero,  and  if  .370514  be 

used,  instead  of  .37052,  more  exact  values,  the  weight  of  1  cubic  foot 

14.69856  _^^^.,  ,.  , 

would  be  -3.77-. ^. TiTTT  =  -08073  lb.,  nearly. 

.3i0.>14  X  491.4  ^ 

Example. — What  is  the  exact  volume  of  1  pound  of  air  at  a  temper- 
ature of  32  \  and  at  a  pressure  of  one  atmosphere  ?  Take  absolute  zero 
at  459.4.  and  the  pressure  as  14.69856  pounds  per  square  inch. 

Solution.—  /  F  =  .370514  IVT,  or  14.69856  X  K  =  .370514  X  1  X 
(459.4  +  32).      V=  '^^^l\^^'^  =  12.387  cu.  ft.     Ans. 

1058.  If  in  the  formula />F=  .37052  l^  T,  both  sides  of 
the  equation  be  divided  by   T  (which,  of  course,  does  not 

alter  the  equality),  there  results  the  expression  ^  =  .37052 

IF.     Let  /„  J\  and  T^  represent  the  pressure,  volume  and 
temperature  of  the  same  weight  of  air  in  another  state; 

then,/,F,  =  .370521^7,.     Dividing  both  sides  by   T,,  ^.  * 

=  .  37052  H'.     Therefore,  since  ^  and^^^  are  equal  to  the 

same  thing  (i.  c, . 37052  JF),  they  are  equal  to  each  other, 
and 

tf^t^         (62.) 

This  very  important  formula  is  the  complete  expression 
of  Gay-Lussac's  law,  and  is  true  for  any  of  the  so-called  per- 
manent gases.  It  was  from  this  formula  that  formulas  58 
and  59  were  derived.     Thus,  let  the  pressure  be  constant; 

then,  ;>  =/„   and  ^  =  ^,  or    J  ,  =  -^  =  ^(i^IoT^)- 
Similarly,  letting  the  volunu;  be  c;<)nstant,  J'l-  J^^,  and  -  ,^, 
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=  ^,  or  /,  =  ^ = ^(i^^^)-   ^^'  ^^"^'  ^y  ^^^^""^  ^^^ 

/>V     p  V 
temperature  be  constant,  T^T^  and  ^-^  =^-^^  ov  pV= 

p^  Fj,  which  is  the  same  as  formula  53. 

1 059.  In  formulas  53,  62,  63,  and  64,  it  matters  not 
with  what  units  the  pressures  and  volumes  are  measured, 
except  that  they  must  be  the  same  throughout  the  same 
example,  and  the  pressures  must  always  be  absolute  pressures. 


EXAMPLES    FOR    PRACTICE. 

1.  A  vessel  contains  25  cubic  feet  of  gas  at  a  pressure  of  18  pounds 
per  square  inch ;  if  125  cubic  feet  of  gas  having  the  same  pressure  are 
forced  into  the  vessel,  what  will  be  the  resulting  pressure? 

Ans.  108  lb.  per  sq.  in. 

2.  A  pound  of  air  has  a  temperature  of  126°,  and  a  pressure  of  1 
atmosphere;  what  volume  does  it  occupy?  Ans.  14.77  cu.  ft. 

3.  The  volume  of  steam  in  the  cylinder  of  a  steam  engine  at  cut-off 
is  1.35  cubic  foot,  and  the  pressure  is  85  pounds  per  square  inch;  if  the 
pressure  at  the  end  of  the  stroke  is  25  pounds  per  square  inch,  what  is 
the  new  volume?  Ans.  4.69  cu.  ft. 

4  A  certain  quantity  of  air  has  a  volume  of  26.7  cubic  feet,  a  pres- 
sure of  19.3  pounds  per  square  inch,  and  a  temperature  of  42" ;  what  is 
the  weight?  Ans.  2.771b, 

5.  A  receiver  contains  180  cubic  feet  of  gas  at  a  pressure  of  20 
pounds  per  square  inch ;  if  a  vessel  holding  12  cubic  feet,  to  be  filled 
from  the  receiver  until  its  pressure  is  20  pounds  per  square  inch,  what 
will  be  the  pressure  in  the  receiver?  Ans.  18|  lb.  per  sq.  in. 

6.  10  cubic  feet  of  air  having  a  pressure  of  22  pounds  per  square 
inch,  and  a  temperature  of  75^,  are  heated  until  the  temperature  is  300** ; 
the  volume  remaining  the  same,  what  is  the  new  pressure? 

Ans.  31.25  lb.  per  sq.  in. 

7.  If  a  spherical  shell  whose  outside  diameter  is  18  inches,  has  a  part 
of  the  air  within  it  removed  until  the  pressure  is  5  pounds  per  square 
inch,  what  is  the  total  pressure  due  to  the  atmosphere  tending  to  crush 
the  shell?  Ans.  9,873.421b. 

THE   MIXING    OF   GASES. 
1060.     If  two  liquids  which  do  not  act  chemically  upon 
each  other  are  mixed  together  and  allowed  to  stand,  it  will 
be  found  that  after  a  time  the  two  liauids  have  separated, 
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and  that  the  heavier  has  fallen  to  the  bottom.  If  two  equal 
vessels,  containing  gases  of  different  densities,  be  put  in  com- 
munication with  each  other,  they  will  be  found  to  have 
mixed  in  equal  proportions  after  a  short  time.  If  one  vessel 
be  higher  than  the  other,  and  the  heavier  gas  be  in  the 
lower  vessel,  the  same  result  will  occur.  The  greater  the 
difference  of  the  densities  of  the  two  gases,  the  quicker  they 
will  mix.  .It  is  assumed  that  no  chemical  action  takes  place 
between  the  two  gases.  When  the  two  gases  have  the  same 
temperature  and  pressure,  the  pressure  of  the  mixture  will 
be  the  same;  this  is  evident,  since  the  total  volume  has  not 
been  changed,  and  unless  the  volume  or  temperature 
changes,  the  pressure  cannot  change.  This  property  of  the 
mixing  of  gases  is  a  very  valuable  one,  since,  if  they  acted 
like  liquids,  carbonic  acid  gas  (the  result  of  combustion), 
which  is  1^  times  as  heavy  as  air,  would  remain  next  to  the 
earth,  instead  of  dispersing  into  the  atmosphere,  the  result 
being  that  no  animal  life  could  exist. 

1061.  Mixtures  of  Equal  Volumes  of  Gases 
Having  Unequal  Pressures. — If  two  gases  having  equal 
volumes  and  temperatures,  but  different  pressures,  be  mixed 
in  a  vessel  whose  volume  equals  one  of  the  equal  volumes  of 
the  gas,  the  pressure  of  the  mixture  ivill  be  equal  to  the  sum 
of  the  two  pressures,  provided  that  the  temperature  remains 
the  same  as  before. 

Example. — Two  vessels  containing  3  cubic  feet  of  gas,  each  at  a 
temperature  of  60',  and  subjected  to  pressures  of  40  pounds  and  25 
pounds  per  square  inch,  respectively,  are  placed  in  communication 
with  each  other,  and  all  the  gas  is  compressed  into  one  vessel.  If  the 
temperature  of  the  mixture  is  also  60%  what  is  the  pressure  ? 

Solution. — According  to  the  rule  just  given,  the  pressure  will  be 
40  +  25  =  65  pounds  per  square  inch.  This  may  be  proven  by  applica- 
tions of  Mariotte's  law ;  thus,  compress  the  gas  whose  pressure  is  25 
pounds  per  square  inch  until  its  pressure  is  40  pounds ;  its  volume  may 
be  found  thus:  pv=zpxVu  or  25  X  3  =  40  X^;  whence,  z/ =  1.875 
cubic  feet.  Let  communication  be  established  between  the  two 
vessels,  the  pressure  will  evidently  be  40  pounds  and  the  total  volume 
8  -f  1.875  =  4.875  cubic  feet.  If  this  be  compressed  until  the  volume  is 
8  cubic  feet,  the  temperature  remaining  at  60^  throughout  the  whole 
operation,  the  final  pressure  may  be  found  by  formula  53,/  v=px  Vi, 
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40  X  4  "'^Tn 
Thus,  40  X  4.875  =/i  x  3,  and/i  = -^ =  Co  pounds  per  square 

o 

inch,  as  before. 

1062.  Mixture  of  T^  o  Gasen  Havlniic  Unequal 
Volumes  and  Pressures. 

Let  7f  and/  be  the  volume  and  pressure,  respectively,  of 
one  of  the  gases. 

Let  2\  and/,  be  the  volume  and  pressure,  respectively,  of 
the  other  gas. 

Let  V  andP  be  the  volume  and  pressure,  respectively,  of 
the  mixture.  Then,  if  the  temperature  remains  the  same, 
VF=7'/>  +  v,/>,.         (63.) 

That  is,  t/  the  temperature  is  eonstant,  the  volume  after 
mixture^  multiplieei  by  the  resulting  pressure^  equals  the  vol- 
ume of  one  gas  before  mixture  multiplied  by  its  pressure^  plus 
the  volume  of  the  other  gas  viultiplied  by  its  pressure. 

Example. — Two  gases  of  the  same  temperature,  having  volumes  of 
7  cubic  feet  and  4^  cubic  feet,  and  whose  pressures  are  27  pounds  and 
18  pounds  per  square  inch,  respectively,  are  mixed  together  in  a  vessel 
whose  volume  is  10  cubic  feet.  The  temperature  of  the  two  gases  and 
of  the  mixture  being  60^  F.,  what  is  the  resulting  pressure  ? 

Solution.— Applying  formula  63,  P  F  =  /  7/  -f /i  ^i,  or  P  X  10  = 

27  X  7  -+-  4^  X  18.     Hence,  P  =  ^^^^^^  =  27  lb.  per  sq.  in.     Ans. 

1063.  Mixture  of  Two  Volumes  of  Air  HavitiK 
Unequal  Pressures,  Volumes,  and  Temperatures* 

If  a  body  of  air  having  a  temperature  /,,  a  pressure  /,, 
and  a  volume  7\  be  mixed  with  another  volume  of  air  having 
a  temperature  /,,  a  pressure  /^,  and  a  volume  7\,  to  form  a 
volume  y  having  a  pressure  P  and  a  temperature  /,  then, 
either  the  new  temperature  /,  the  new  volume  J\  or  the  new 
pressure  P  may  be  found,  if  the  other  two  quantities  are 
known,  by  the  following  formula,  in  which  7",,  T",,  and  7^  are 
the  absolute  temperatures  corresponding  to  /„  /„  and  /: 

py=rLJX  +  ^^lT,         (64.)  ■ 
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Example. — Five  cubic  feet  of  air  having  a  tension  of  80  pounds  pei 
square  inch,  and  a  temperature  of  80'  F.,  are  required  to  be  compressed 
together  with  11  cubic  feet  of  air  having  a  tension  of  21  pounds  per 
square  inch,  and  a  temperature  of  45"  F.,  in  a  vessel  whose  cubical 
contents  are  8  cubic  feet.  The  new  pressure  is  required  to  be  45 
pounds  per  square  inch.  What  is  the  temperature  of  the  mixture  ? 
Solution. — Substituting  in  formula  64, 

^><^  =  [^m^+^W^'j  ^   ^*  or  360  =  .7852  T,    Hence,  r  = 

^^  =  489.66%  nearly,  and  /  =  29.66\     Ans. 
.7852  

EXAMPLES  FOR  PRACTICE. 

1.  Two  vessels  contain  air  at  pressures  of  60  and  88  pounds  per 
square  inch.  The  volume  of  each  vessel  is  8.47  cubic  feet.  If  all  of 
the  air  in  both  vessels  is  removed  to  another  vessel,  and  the  new 
pressure  is  100  pounds  per  square  inch,  what  is  the  volume  of  the 
vessel,  the  temperature  being  the  same  throughout  ? 

Ans.  12.11  cu.  ft. 

2.  A  vessel  contains  11.88  cubic  feet  of  air  at  a  pressure  of  38  8 
pounds  i>er  square  inch.  It  is  desired  to  increase  the  pressure  to 
40  pounds  per  square  inch  by  supplying  air  from  a  second  vessel  which 
contains  19.6  cubic  feet  of  air  at  a  pressure  of  60  j)4)unds  j>er  square 
inch.  What  will  be  the  pressure  in  the  second  vessel  after  the  pressure 
in  the  first  has  been  raised  to  40  iK)unds  i>er  square  inch  ? 

Ans.  55.96  lb.  i>er  sq.  in. 

8.  If  4.8  cubic  feet  of  air  having  a  tension  of  52  pounds  per  square 
inch  and  a  temperature  of  170'  are  mixed  with  18  cubic  feet  having  a 
tension  of  78  pounds  per  square  inch  and  a  temperature  of  265^,  what 
must  be  the  volume  of  the  vessel  containing  the  mixture  in  order  that 
the  tension  of  the  mixture  may  be  80  pounds  i)er  square  inch  and  the 
temperature  80"  ?  Ans.  32.31  cu.  ft. 

PNEUMATIC  MACHINES. 


THE  AIR  PUMP. 
1004.  The  air  pump  is  an  instrument  for  removing 
air  from  an  enclosed  space.  A  section  of  the  principal  parts 
is  shown  in  Fig.  192,  and  the  complete  instrument  in  Fig. 
193.  The  closed  vessel  R  is  called  the  receiver,  and  the 
space  which  it  encloses  is  that  from  which  it  is  desired  to  re- 
move the  air.     The  receiver  is  usually  made  of  glass,  and 
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the  edges  are  ground  so  as  to  be  perfectly  air-tight.     When 
made  in  the  form  shown,  it  is  called  a  bell  jar  receiver* 


Fig.  192. 
The  receiver  rests  upon  a  horizontal  plate  in  the  center  of 
which  is  an  opening  communicating  with  the  pump  cylinder 

C  by  means  of  a  bent 
tube  t.  The  pump  pis- 
ton fits  the  cylinder  ac- 
curately, and  has  a  valve 
V  opening  upwards. 
At  the  junction  of  the 
tube  with  the  cylinder 
is  another  valve  Falso 
opening  upwards.  When 
the  piston  is  raised  the 
valve  V  closes,  and, 
\  since  no  air  can  get  into 
the  cylinder  from  above, 
the  piston  leaves  a  vac- 
uum behind  it.  The 
pressure  on  top  of  V 
being  now  removed,  the 
tension  of  the  air  in  the 
Fig.  103.  receiver  R  causes  V  to 

rise;  the  air  in  the  receiver  then  expands  and  occupies  the 
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space  displaced  by  the  piston,  the  space  in  the  tube  /  and  in 
the  receiver  R.  The  piston  is  now  pushed  down,  the  valve  V 
closes,  the  valve  V  opens,  and  the  air  in  C  escapes.  The 
lower  valvfe  Fis  sometimes  supported,  as  shown  in  Fig.  192, 
by  a  metal  rod  passing  through  the  piston  and  fitting  it  some- 
what tightly.  When  the  piston  is  raised  or  lowered,  this  rod 
moves  with  it.  A  button  near  the  upper  end  of  the  rod  con- 
fines its  motion  to  within  very  narrow  limits,  the  piston 
sliding  upon  the  rod  during  the  greater  part  of  the  journey. 

1065.  Jy^zt'^^m  and  Limits  of  Exliaustion. — Sup- 
pose  that  the  volume  of  R  and  /  together  is  four  times  that 
of  Cy  and  that  there  are,  say,  200  grains  of  air  in  R  and  /,  and 
50  grains  in  C,  when  the  piston  is  at  the  top  of  the  cylinder. 
At  the  end  of  the  first  stroke,  when  the  piston  is  again  at 
the  top,  50  grains  of  air  in  the  cylinder  C  will  have  been  re- 
moved, and  the  200  grains  in  R  and  /  will  occupy  the  spaces 
Ry  /,  and  C.  The  ratio  between  the  sum  of  the  spaces  R  and 
/  and  the  total  space  R+t+Cis  f;  hence,  200  x  |  =  160 
grains  =  the  weight  of  air  in  R  and  /  after  the  first  stroke. 
After  the  second  stroke,  the  weight  of  the  air  in  R  and  / 
would  be  (200  X  i  X  |  =200  X  (J)'  =  200  X  If  =  128  grains. 
At  the  end  of  the  third  stroke,  the  weight  would  be  [200  X 
(!)»]  X  i  =  200  X  ay  =  200  X  tSV  =  l^^^-4  grains.  At  the 
end  of  n  strokes,  the  weight  would  be  200  X  (J)".  It  is 
evident  that  //  is  impossible  to  remove  all  of  the  air  that  is 
contained  in  R  and  t  by  this  method.  It  requires  an  exceed- 
ingly good  air  pump  to  reduce  the  tension  of  the  air  in  R  to 
•5^  of  an  inch  of  mercury.  When  the  air  has  become  so 
rarefied  as  this,  the  valve  V  will  not  lift,  and,  consequently, 
no  more  air  can  be  exhausted. 

1066.  Sprcngel's  Air  Pump.— In  Fig.  104,  r  rtf  is  a 
glass  tube  longer  than  30  inches,  open  at  both  ends,  and 
connected  by  means  of  India  rubber  tubing  with  a  funnel 
A  filled  with  mercury  and  supported  by  a  stand.  Mercury 
is  allowed  to  fall  into  this  tube  at  a  rate  regulated  by  a  clamp 
at  c.     The  lower  end  of  the  tube  c  d  fits  in  the  flask  B,  which 
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has  a  spout  at  the  side  a  little  higher  than  the  lower  end  of 
c  d\  the  upper  part  has  a  branch  at  x  to  which  a  receiver 
R  can  be  tightly  fixed.     When   the   clamp  at  c  is  opened 

the  first  portions  of  the 
mercury  which  run  out 
close  the  tube  and  prevent 
air  from  entering  from 
below.  These  drops  of 
mercury  act  like  little  pis- 
tons,  carrying  the  air  in 
u  ^  fj  front  of  them  and  forcing 

it  out  through  the  bot- 
tom of  the  tube.  The  air 
in  R  expands  to  fill  the 
tube  every  time  that  a 
drop  of  mercury  falls,  thus 
creating  a  partial  vacuum 
in  R,  which  becomes  more 
nearly  complete  as  the 
process  goes  on.  The  es- 
caping mercury  falls  into 
the  dish  //,  from  which  it 
can  be  poured  back  into  the 
funnel  from  time  to  time. 
As  the  exhaustion  from  R 
goes  on,  the  mercury  rises 
in  the  tube  c  d  until,  when 
the  exhaustion  is  complete, 
it  forms  a  continuous  col- 
umn 30  inches  high;  in 
other  words,  it  is  a  barom- 
eter, whose  Torricellian 
P'G.  194.  vacuum  is  the  receiver  R. 

This  instrument  necessarily  requires  a  great  deal  of  time  for 
its  operation,  but  the  results  are  very  complete,  a  vacuum  of 
rriro  ^^  ^^  \nc\\  of  mercury  being  sometimes  obtained.  By 
use  of  chemicals  in  addition  to  the  above,  a  vacuum  of 
^WouD  ^^  ^^^  \ri^\i  of  mercury  has  been  obtained. 
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1007.      Note. — A  theoretically   perfect    vacuum    is    sometimes 
called  a  Torricellian  vacuum. 

1068.     Masdeburs    Hemisplieres. — By    means    of 
the   two  hemispheres  shown  in  Fig.  195,  it  can  be  proven 
that  the  atmosphere  presses  upon  a  body  equally  in  all  direc- 
tions.    They   were    invented    by   Otto   Von    Guericke,    of 
Magdeburg,  and  are  called  the  Maf^de- 
burff  tiemisplieres.     One  of  the  hem- 
ispheres is  provided  with  a  stop-cock,  by 
which    it   can   be   screwed   on   to  an   air 
pump.     The  edges  fit  accurately  and  are 
well  greased,  so  as   to  be   air-tight.     As  ^ 
long  as  the  hemispheres  contain  air,  they 
can  be  separated  with  ease ;  but  when  the 
air    in    the  interior    is    pumped    out  by 
means  of  an  air  pump,  they  can  be  sepa- 
rated   only    with    great   difficulty.       The 
force  required  to  separate  them   will  be 
equal  to  the  area  of  the  largest  circle  of 
the  hemisphere  (projected  area)  in  square 
inches,  multiplied  by  14.7  pounds. 

This  force  will  be  the  same  in  whatever 
position    the    hemisphere    may    be    held, 
thus  proving  that  the  pressure  of  air  upon 
all  directions. 


Fir,.  IflB. 

t  is  the  same  in 


1069.  The  Welsh t  Lrlfter.— The  pressure  of  the 
atmosphere  is  very  clearly  shown  by  means  of  an  apparatus 
like  that  illustrated  in  Fig.  19G.  Here,  a  cylinder  fitted 
with  a  piston  is  held  in  suspension  by  a  chain.  At  the  top  of 
the  cylinder  is  a  plug  ./,  which  can  be  taken  out.  This 
plug  is  removed,  the  piston  pushed  up  (the  force  necessary 
being  equal  to  the  weight  of  the  piston  and  rod  />)  until 
it  touches  the  cylinder  head.  The  phig  is  then  screwed  in, 
and  the  piston  will  remain  at  the  top  until  a  weight  has  been 
hung  on  the  rod  equal  to  the  area  of  the  piston,  multiplied 
by  14.7  pounds,  less  the  weight  of  the  piston  and  rod.  If 
a  force  was  applied  to  the  rod  sufficiently  great  to  force  the 
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piston  downwards,  it  would  raise  any  weight  less  than  the 
above  to  the  top  of  the  cylinder.     Suppose  the  weight  to 
be  removed,  and  the  piston  to  be  supported,  say  midway 
of  the  length  of  the  cylinder.     Let  the  plug  be  removed  and 
air  admitted  above  the  piston,  then  screw  the  plug  back 
into  its  place ;  if  the  piston  be  shoved  upwards,  the  farther 
up  it  goes,  the  greater  will  be  the  force 
necessary  to  push  it,  on  account  of  the  com- 
pression  of   the   air.     If   the  piston   is  of 
large  diameter,  it  will  also  require  a  great 
force  to  pull  it  out  of  the  cylinder,  as  a  little 
I  consideration  will  show.     For  example,  let 
the  diameter  of  the  piston  be  20  inches,  the 
length  of  the  cylinder  36  inches,  plus  the 
thickness  of  the  piston,  and  the  weight  of 
the  piston  and  rod  100  pounds.     If  the  pis- 
ton is  in  the  middle  of  the  cylinder,  there 
will  be  18  inches  of  space  above  it,  and  18 
inches  of  space  below  it.     The  area  of  the 
piston  is  20"  X  .7854  =  314.16  square  inches, 
and  the  atmospheric    pressure  upon  it  is 
314.16  X  14.7  =  4,618  pounds,  nearly.     In 
order  to  shove  the  piston  upwards  9  inches, 
the  pressure  upon  it  must  be  twice  as  great, 
or  9,236  pounds,  and  to  this  must  be  added 
the   weight    of     the    piston    and    rod,    or 
9,236  +  100  =  9,336  pounds.     The  force 
necessary  to  cause  the  piston  to  move  up- 
wards 9  inches  would  then  be  9,336  —  4,618 
=  4,718  pounds.     Now,  suppose  the  piston 
Fig.  196.  to  be  moved  downwards  until  it  is  just  on  the 

point  of  being  pulled  out  of  the  cylinder.  The  volume 
above  it  will  then  be  twice  as  great  as  before,  and  the  pres- 
sure one-half  as  great,  or  4,618  -r-  2  =  2,309  pounds.  The 
total  upward  pressure  will  be  the  pressure  of  the  atmosphere 
less  the  weight  of  the  piston  and  rod,  or  4,618  —  100  =  4,518 
pounds,  and  the  force  necessary  to  pull  it  downwards  to  this 
point  will  be  4,518  —  2,309  =  2,209  pounds. 
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1070.  Til©  Baroscope. — The  buoyant  effect  of  air  is 
very  clearly  shown  by  means  of  an  instrument  called  the 
baroscope,  shown  in  Fig.  197. 

It  consists  of  a  scale  beam,  from 
one  extremity  of  which  is  sus- 
pended a  small  weight,  and  from 
the  other  a  hollow  copper  sphere. 
In  air  they  exactly  balance  each 
other;  but  when  placed  under  the 
receiver  of  an  air  pump  and  the 
air  exhausted,  the  sphere  sinks, 
showing  that  it  is  really  heavier 
than  the  small  weight.  Before 
the  air  is  exhausted,  each  bodyi 
is  buoyed  up  by  the  weight  of 
the  air  it  displaces,  and  since  the  fig.  197. 

sphere  displaces  the  most  air,  it  loses  more  weight  by  reason 
of  this  displacement  than  the  small  weight.  Suppose  that 
the  volume  of  the  sphere  exceeds  that  of  the  weight  by  10 
cubic  inches;  the  weight  of  this  volume  of  air  is  3.1  grains. 
If  this  weight  be  added  to  the  small  weight,  it  will  overbal- 
ance the  sphere  in  air,  but  will  exactly  balance  it  in  a 
vacuum. 

AIR  COMPRESSORS. 

1071.  For  many  purposes  compressed  air  is  preferable 
to  steam  or  other  gas  for  use  as  a  motive  power.  In  such 
cases  air  compressors  are  used  to  compress  the  air.  These 
are  made  in  many  forms,  but  the  most  common  one  is  to 
place  a  cylinder,  called  the  air  cylinder^  in  front  of  the  cross- 
bead  of  a  steam  engine,  so  that  the  piston  of  the  air  cylinder 
can  be  driven  by  attaching  its  piston  rod  to  the  cross-head, 
in  a  manner  similar  to  a  steam  pump.  A  cross-section  of 
the  air  cylinder  of  a  compressor  of  this  kind  is  shown  in  Fig. 
198,  in  which  A  is  the  piston  and  B  is  the  piston  rod,  driven 
by  the  cross-head  of  a  steam  engine  not  shown  in  the  figure. 
Both  ends  of  the  lower  half  of  the  cylinder  are  fitted  with 
inlet   valves   D  and  D\  which  allow   the   air   to  enter  the 
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cylinder,  and  both  ends  of  the  upper  half  are  fitted  with 
discharge  valves  F  and  F\  which  allow  the  air  to  escape 
from  the  cylinder  after  it  has  been  compressed  to  the 
required  pressure. 

Suppose  the  piston  A  to  be  moving  in  the  direction  of  the 
arrow;  then  the  inlet  valves  D  in  the  left-hand  end  of  the 
cylinder  from  which  the  piston  is  moving  will  be  forced 
inwards  by  the  pressure  of   the    atmosphere,  which    over- 


FIG.  198. 

comes  the  resistance  of  the  light  spring  C,  thus  allowing 
the  air  to  flow  in  and  fill  the  cylinder.  On  the  other  side  of 
the  piston,  the  air  is  l)cing  compressed,  and,  conseiiueiitly, 
it  acts  with  the  springs  .V  to  force  the  inlet  valves  //  in  the 
right-hand  end  of  the  cylinder  to  their  seats.  In  the  right- 
hand  end  of  the  cylinder,  the  discharge  valves  F'  are 
opened  when  the  pressure  of  th('  air  in  the  cylinder  is  great 
enoui;ii  to  overcome   the   resisiance  of  the   ligiiL  .springs  E' 


Digitized  by  CjOOQIC 


PNEUMATICS.  4(;3 

and  tlio  tension  of  the  air  in  the  passag^es  leadinji;  to  the 
discharge  pipe  //,  and  the  discharge  valves  A  are  pressed 
against  their  seats  by  the  springs  /:  and  the  tension  of  the 
air  in  the  passages.  Snpjxise  it  is  desired  to  compress  the 
air  to  ,y.)  pounds  per  s(piare  inch,  and  we  wish  to  find  at  what 
point  of  the  stroke  the  discharge  valves  will  o[)en.  Now, 
511  pounds  per  sipiare  inch  ecpials  a  pressure  of  4  atmospheres, 
very  nearly;  hence,  when  the  f)ressure  in  the  cylinder  he- 
comes  great  enough  to  force  air  out  through  the  discharge 
valves,  the  volume  must  he  one-quarter  of  the  volume  at 
atmospheric  pressure,  or  the  valves  will  open  when  the  pis- 
ton has  traveled  three-quarters  of  its  stroke,  provided  the 
air  he  compressed  at  constant  temperature. 

The  air,  after  being  discharged  from  the  cylinder,  passes 
out  through  the  delivery  pipe  //,  and  from  thence  is  con- 
veyed to  its  destination.  It  was  shown  in  the  early  part  of 
this  paper  that  when  air  or  any  other  gas  was  compressed 
its  temperature  was  increased.  For  high  pressures  this  in- 
crease of  temperature  becomes  a  serious  consideration,  for 
two  reasons:  1st.  When  the  air  is  discharged  at  a  high 
temperature,  the  pressure  falls  considerably  when  it  has 
cooled  down  to  its  normal  temperature,  and  this  represents 
a  serious  loss  in  the  economical  working  of  the  machine. 
2d.  The  alternate  heating  and  cooling  of  the  compressor 
cylinder  by  the  hot  and  cold  air  is  very  destructive  to  it, 
and  increases  the  wear  to  a  great  extent.  To  prevent  the 
air  from  heating,  cooling  devices  are  resorted  to,  the  most 
common  one  being  the  so-called  'water  Jacket.  This  is 
effected  in  the  following  manner:  The  cylinder  walls  are 
hollow,  as  shown  in  the  cut;  the  cold  water  enters  this 
hollow  space  in  the  cylinder  wall  through  the  pipe  K  K,  and 
flows  around  the  cylinder,  finally  passing  out  through  the 
discharge  pipe  L.  The  water  tends  to  keep  the  cylinder 
walls  cold,  and  these  cool  the  air  as  it  is  compressed. 

1072.  The  Cartesian  Diver.  —  The  instrument 
shown  in  Fig.  199,  called  the  cartesian  diver,  illustrates 
the  elasticity  of  air  and  the  transference  of  pressure  in  all 
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directions  in  water.     It  consists  of  a  glass  jar  filled  with 
water,  having  a  rubber  bulb  at  the  top  filled  with  air.     The 
image   in  the  jar  is  made  of  glass   and 
is  hollow,  the  weight  being  less  than  an 
equal  volume  of  water,  so  that  it  will 
float  at  the  top  of  the  jar.     The  tail  of 
the  image  has  a   hole  in  it,  the  water 
being    prevented    from    getting    inside 
of  the  image  by  the  tension  of   the  air 
within  it.     If  the  bulb  be  squeezed,  the 
air  in  it  will  be  forced  out,  creating  a 
pressure   upon  the  water  which,    being 
transferred  in  all  directions,  causes  the 
water  to  flow '^ 
the  tail  of  th 
age,  compre 
the  air  inside 
thus  causing 
fall  to  the  bo 
I  of  the  jar.  T 
f  the    bulb    is 
leased,     the 


Pio.  199.  flows  back  in 

the  pressure  upon  the  water  i 
moved,  the  air  within  the  image 
pands  ;  the  image,  again  becoi 
lighter  than  water,  rises  to  the 
of  the  jar. 

1073.  Hero's  Fountain.- 
ro'*  fountain  derives  its  name 
its  inventor,  Hero,  who  livei 
Alexandria  120  B.  C.  It  is  shov 
Fig.  200.  It  depends  for  its  o 
tion  upon  the  elastic  properties 
of  air.  It  consists  of  a  brass  dish 
Af  and  two  glass  globes  B  and 
C.  The  dish  communicates  with  Pxo.  aoo. 
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the  lower  part  of  the  globe  C  by  a  long  tube  /),  and  another 
tube  E  connects  the  two  globes.  A  third  tube  passes 
through  the  dish  A  to  the  lower  part  of  the  globe  B.  This 
last  tube  being  taken  out,  the  globe  D  is  partially  filled 
with  water ;  the  tube  is  then  replaced  and  water  is  poured 
into  the  dish.  The  water  flows  through  the  tube  D  into  the 
lower  globe,  and  expels  the  air,  which  is  forced  into  the  up- 
per globe.  The  air  thus  compressed  acts  upon  the  water 
and  makes  it  jet  out  through  the  shortest  tube,  as  repre- 
sented in  the  figure.  Were  it  not  for  the  resistance  of  the 
atmosphere  and  friction,  the  water  would  rise  to  a  height 
above  the  water  in  the  dish  equal  to  the  difference  of  the 
level  of  the  water  in  the  two  globes. 


THE    SIPHON. 
1074.     The  action  of  the  siphon  illustrates  the  effect 
of  atmospheric  pressure.     It    is    simply    a    bent   tube    of 
unequal  branches,  open  at  both  ends,  and  is  used  to  convey 
a  liquid  from  a  higher  point  to 
a  lower,  over  an  intermediate 
point   higher  than  either.      In 
Fig.  201,  A  and  B  are  two  ves- 
sels, B  being  lower  than  A^  and . 
A   C  B  is  the  bent  tube  or  si- 
phon.    Suppose  this  tube  to  be 
filled  with  water  and  placed  in 
the  vessels,  as  shown,  with  the 
short  branch  A  Cin  the  vessel 
A,     The  water  will  flow  from 
the  vessel  A  into  B,  so  long  as 
the  level  of  the  water  in  B  is 
below  the  level  of  the  water  in 
Ay  and  the  level  of  the  water  in 
A  is  above  the  lower  end  of  the 

tube  A    C,      The  atmospheric  fig.  301. 

pressure  upon  the  surfaces  of  A  and  B  tends  to  force  the 
water  up  the  tubes  A  C  and  B  C.  When  the  siphon  is  filled 
with  water,  each  of  these  pressures  is  counteracted  in  part  by 
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the  pressure  of  .the  water  in  that  branch  of  the  siphon  which 
is  immersed  in  the  water  upon  which  the  pressure  is  exerted. 
The  atmospheric  pressure  opposed  to  the  weight  of  the 
longer  column  of  water  v/ill,  therefore,  be  more  resisted 
than  that  opposed  to  the  weight  of  the  shorter  cohimn;  con- 
sequently, the  pressure  exerted  upon  the  shorter  column 
will  be  greater  than  that  upon  the  longer  column,  and  this 
excess  pressure  will  produce  motion. 

Let  A  =z  the  area  of  the  tube  in  square  inches. 

A  =  JJ  C=  the  vertical  distance  in  inches  between  the 
surface  of  the  water  in  B  and  the  highest 
point  of  the  center  line  of  the  tube. 
A^  z=z  Ji  C  =  the  distance  in  inches  between  the  surface 
of  the  water  in  A  and  the  highest  point  of 
the  center  line  of  the  tube. 

The  weight  of  the  water  in  the  short  column  is  .03617  A  A„ 
and  the  resultant  atmospheric  pressure,  tending  to  force  the 
water  up  the  short  column,  is  14.7  X  ^  —  .03617  A  //,. 
The  weight  of  the  water  in  the  long  column  is  .03617  A  //, 
and  the  resultant  atmospheric  pressure,  tending  to  force 
the  water  up  the  long  column,  is  14.7  ^  —  ,03617  A  h. 
The  difference  between  these  two  is  (14.7  A  —  .03617^1  A,) 
-  (14.7^  -  .03617  A  h)  =  .03617  A{/i  -  //,).  But  //  -  //, 
=  £  D  =  the  difference  between  the  levels  of  the  water  in 
the  two  vessels.  To  find  the  discharge  from  a  siphon,  use 
the  difference  /i  —  //„  reduced  to  feet,  as  the  head,  and  the  total 
length  of  the  siphon  between  the  two  water  levels,  as  the 
length  of  the  pipe ;  the  discharge  may  then  be  calculated  by 
formula  50,  Art.  1033. 

It  will  be  noticed  that  the  short  column  must  not  be 
higher  than  34  feet  for  water,  or  the  siphon  will  not  work, 
since  the  pressure  of  the  atmosphere  will  not  support  a 
column  of  water  that  is  higher  than  34  feet ;  28  feet  is  con- 
sidered to  be  the  greatest  height  for  which  a  siphon  will 
work  well. 

1075.  Intermittent  Springs. — Sometimes  a  spring 
is  observed  to  flow  for  a  time  and  then  cease;  then,  after  an 
interval,  to  flow  again  for  a  time.     The  generally  accepted 
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explanation  of  this  is  that  there  is  an  underground  reservoir 
fed  with  water  through  fissures  in  the  earth,  as  shown  in 
Fig.  202.  The  outlet  for  the  water  is  shaped  like  a  siphon, 
as  shown.  When  the  water  in  the  reservoir  reaches  the  same 
height  as  the  highest  point  of  outlet,  it  flows  out  until  the 
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level  of  the  water  in  the  reservoir  falls  below  the  mouth  of 
the  siphon,  the  water  flowing  out  of  the  reservoir  faster  than 
it  is  supplied  to  it.  This  flow  then  ceases  until  the  water  in 
the  reservoir  has  again  reached  the  level  of  the  highest  point 
of  the  siphon. 

THE  INJECTOR. 

1076.  A  section  of  an  injector  is  shown  in  Fig.  203. 
There  are  many  different  kinds  of  these  instruments,  but  the 
principle  is  the  same  in  all.  When  they  are  used  for  lifting 
water  from  a  point  below  the  discharge  orifice  and  forcing  it 
into  the  boiler  of  a  steam  engine  or  locomotive,  they  depend 
for  their  lifting  action  upon  the  creation  of  a  partial  vacuum 
by  the  action  of  steam.  In  the  injector  shown  in  Fig.  203, 
F  is  the  connection  for  the  steam  pipe  from  the  boiler,  P  is 
the  connection  for  the  pipe  from  the  water  supply,  N  is  the 
connection  to  which  the  discharge  pipe  leading  to  the  boiler 
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is  attached,  and  the  waste  water  and  steam  are  discharged 
through  the  overflow  nozzle  O. 

The  method  of  operation  is  as  follows:  The  valve  B  is 
first  opened  by  turning  the  wheel  IF;  the  primer  valve  R  is 
then  opened  by  the  handle  y,  thus  permitting  steam  to  flow 
through  the  passage  E  and  a  connection,  not  shown  in  the 
figure,  to  the  nozzle  ;/.  From  u  the  jet  of  steam  rushes  out 
through  O.  A  passage  connects  the  chamber  surrounding 
u  with  the  space  above  the  valve  L.  The  jet  of  steam  from 
ic  out  through  O  carries  with  it  the  air  in  the  chamber  to 


Fig.  203. 

which  O  is  connected,  thus  forming  a  partial  vacuum  in 
the  space  above  Z;  the  air  in  the  passages  D^  C,  Gy  //",  K^ 
Ty  and  in  the  water  pipe  connected  at  P  is  thus  drawn  out 
through  the  valve  Z,  and  a  partial  vacuum  is  formed,  which 
permits  the  pressure  of  the  atmosphere  to  force  water 
through  P  until  it  finally  fills  the  passages  and  flows  out 
through  L  and  the  overflow  nozzle  O,  As  soon  as  water 
appears  at  (7,  the  valve  R  is  closed  and  the  main  steam 
valve  A  is  opened  by  the  wheel  5,  thus  admitting  steam 
to  the  passages  C,  //,  K.  This  steam  draws  water  from  G 
through  the  opening  surrounding  //  and  discharges  it 
through  K  with  such  a  high  velocity  that  it  rushes  past 
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the    opening  T  into    the    nozzle  M  and    thence  into  the 
boiler.  

THE   LOCOMOTIVE   BLAST. 

1077.     Fig.  204  shows  the  front  end  of  a  locomotive. 

E  is  the  exhaust  pipe,  the  center  of  which  is  directly  in  line 

with  the  center  of  the  smokestack  S.      Ty  T  are  the  tubes 

through  which  the  hot  furnace  gases  are  discharged.     The 
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exhaust  steam  has  a  pressure  of  about  two  pounds  above  the 
atmosphere,  and  rushes  through  the  exhaust  pipe  E  and  up 
the  smokestack  5  with  a  very  high  velocity,  taking  the  air 
out  with  it,  and  producing  a  partial  vacuum  in  the  space  in 
front  of  the  tubes.  No  air  can  get  in  this  space  except 
through  the  grates  of  the  fire-box ;  consequently,  this  partial 
vacuum  created  in  front  of  the  tubes  as  described  causes  an 
influx  of  air  through  the  grate,  and  produces  the  forced 
draft,  or  blast.  The  faster  the  engine  runs,  the  greater 
the  quantity  of  air  drawn  through  the  grate. 
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PUMPS. 
1078.  Tlie  Suction  Pump. — A  section  of  an  ordi- 
nary suction  pump  is  shown  in  Fig.  205%  Suppose  the  piston 
to  be  at  the  bottom  of  the  cylinder  and  to  be  just  on  the 
point  of  moving  upwards  in  the  direction  of  the  arrow.  As 
the  piston  rises  it  leaves  a  vacuum  behind  it,  and  the  atmos- 
pheric pressure  upon  the  surface  of  the  water  in  the  well 
causes  it  to  rise  in  the  pipe  P,  for  the  same  reason  that  the 
mercury  rises  in  the  barometer  tube.     The  water  rushes  up 


Fig.  205. 

the  pipe  and  lifts  the  valve  F,  filling  the  empty  space  in  the 
cylinder  B  displaced  by  the  piston.  When  the  piston  has 
reached  the  end  of  its  stroke,  the  water  entirely  fills  the 
space  between  the  bottom  of  the  piston  and  the  bottom  of 
the  cylinder  and  also  the  pipe  P.  The  instant  that  the  piston 
begins  its  down  stroke,  the  water  in  the  chamber  B  tends  to 
fall  back  into  the  well,  and  its  weight  forces  the  valve  V  to  its 
seat,  thus  preventing  any  downward  flow  of  the  water.  The 
piston  now  tends  to  compress  the  water  in  the  chamber  B^ 
but  this  is  prevented  through  the  opening  of  the  valves  «,  u 
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in  the  piston.  When  the  piston  has  reached  the  end  of  its 
downward  stroke,  the  weight  of  the  water  above  closes  the 
valves  «,  //.  All  the  water  resting  on  the  top  of  the  piston  is 
then  lifted  with  the  piston  on  its  upward  stroke,  and  dis- 
charged through  the  spout  A^  the  valve  V  again  opening, 
and  the  water  filling  the  space  below  the  piston  as  before. 

It  is  evident  that  the  distance  between  the  valve  V  smd 
the  surface  of  the  water  in  the  well  must  not  exceed  34  feet, 
the  highest  column  of  water  which  the  pressure  of  the  atmos- 
phere will  sustain,  since  otherwise  the  water  in  the  pipe 
would  not  reach  to  the  height  of  the  valve  V.  In  practice 
this  distance  should  not  exceed  28  feet.  This  is  due  to  the 
fact  that  there  is  a  little  air  left  between  the  bottom  of  the 
piston  and  the  bottom  of  the  cylinder,  a  little  air  leaks 
through  the  valves  .which  are  not  perfectly  air-tight,  and  a 
pressure  is  needed  to  raise  the  valve  against  its  weight, 
which,  of  course,  acts  downwards.  There  are  many  vari- 
eties of  the  suction  pump,  differing  principally  in  the  valves 
and  piston,  but  the  principle  is  the  same  in  all. 

1079.  The  Lifting  Pump.— A 
section  of  a  lifting  pump  is  shown 
in  Fig.  206.  These  pumps  are  used 
when  water  is  to  be  raised  to  greater 
heights  than  can  be  done  with  the  or- 
dinary suction  pump.  As  will  be  per- 
ceived, it  is  essentially  the  same  as  the 
pump  previously  described,  except 
that  the  spout  is  fitted  with  a  cock 
and  has  a  pipe  attached  to  it,  leading 
to  the  point  of  discharge.  If  it  is  de- 
sired to  discharge  the  water  at  the 
spout,  the  cock  may  be  opened ;  other- 
wise, the  cock  is  closed,  and  the  water 
is  lifted  by  the  piston  up  through  the 
pipe  P^  to  the  point  of  discharge,  the 
valve  c  preventing  it  from  falling  back 
into    the    pump,    and   the    valve     V  fig.  206. 
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preventing  the  water  in  the  pump  from  falling  back  into 
the  well.  It  is  not  necessary  that  there 
should  be  a  second  pipe  F ^  as  shown  in  the 
figure,  for  the  pipe  P  may  be  continued 
straight  upwards,  as  shown  in  Fig.  207. 

1 080.  In  the  figure  is  shown  a  section  of 
a  lifting  pump  for  raising  water  from  great 
depths,  as  from  the  bottom  of  mines  to  the 
surface.  This  pump  consists  of  a  series  of 
pipes  connected  together,  of  which  the  lower 
end  only  is  shown  in  the  cut.  That  part  of 
the  pipe  included  between  the  letters  A  and 
B  forms  the  pump  cylinder  in  which  the 
piston  P  works.  That  part  of  the  pipe 
above  the  highest  point  of  the  piston  travel, 
through  which  the  water  is  discharged,  is 
called  the  delivery  pipe,  and  the  part 
below  the  lowest  point  of  the  piston  travel 
is  called  the  suction  pipe.  The  lower  end 
of  the  suction  pipe  is  expanded,  and  has  a 
number  of  small  holes  in  it,  to  keep  out  the 
solid  matter.  C  is  a  plate  covering  an  open- 
ing, and  which  may  be  removed  to  allow  the 
suction  valve  to  be  repaired,  i?  is  a  plate 
covering  a  similar  opening  through  which 
the  piston  and  piston  valves  may  be  re- 
paired. The  piston  rod,  or  rather  the  piston 
stem,  is  made  of  wrought  iron,  inserted 
with  wood,  and  connected  with  the  piston. 
The  only  limit  to  the  height  to  which  a 
pump  of  this  kind  can  raise  water  is  the 
strength  of  the  piston  rod.  Lifting  pumps 
of  this  kind  are  used  to  raise  water  from 
great  depths  to  the  earth's  surface ;  hence, 
a  very  long  piston  rod  is  necessary.  In  the 
lifting  pump  shown  in  Fig.  206  the  water  is 
Pio.  207.  raised  from  a  point  a  few  feet  below  the 
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earth's  surface  to  a  point  considerably  higher.  This  re- 
quires the  piston  rod  to  move  through  a  stuffing-box,  as 
shown  at  5,  and  also  necessitates  the  rod  being  round,  in 
order  that  the  water  may  not  leak  out. 

1081.  Force  Pumps — The  force  pump  differs  from 
the  lifting  pump  in  several  important  particulars,  but 
chiefly  in  the  fact  that  the  piston  is  solid ;  that  is,  it  has  no 
valves.  A  section  of  a  suction  and  force  pump  is  shown  in 
Fig.  208.  The  water  is  drawn  up  the  suction  pipe  as  before, 
when  the  piston  rises;  but  when  the  piston  reverses,  the 
pressure  on  the  water  caused  by  the  descent  of  the  piston 


FIG.  206. 

Opens  the  valve  V  dind  forces  the  water  up  the  delivery  pipe 
P',  When  the  piston  again  begins  its  upward  movement, 
the  valve  V  is  closed  by  the  pressure  of  the  water  above  it, 
and  the  valve  Vis  opened  by  the  pressure  of  the  atmosphere 
on  the  water  below  it,  as  in  the  previous  cases.  For  an 
arrangement  of  this  kind,  it  is  not  necessary  to  have  a  stuff- 
ing-box. The  water  may  be  forced  to  almost  any  desired 
height.  The  force  pump  differs  again  from  the  lifting  pump 
in  respect  to  its  piston  rod,  which  should  not  be  longer  than 
is  absolutely  necessary  in  order  to  prevent  it  from  buckling^ 
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while  in  the  lifting  pump  the  length  of  the  piston  rod  is  a 
matter  of  indifference. 

1082*  Plunger  Pumps. — ^When  force  pumps  are  used 
to  convey  water  to  great  heights,  the  pressure  of  the  water 
in  the  cylinder  becomes  so  great  that  it  becomes  extremely 
difficult  to  keep  the  water  from  leaking  past  the  piston,  and 
the  constant  repairing  of  the  piston  packing  becomes  a 
nuisance.     To  obviate  this  difficulty  the  piston  is  made  very 

long,  as  shown  in  Fig.  209,  and  is 
then  called  a  plunger.     The  suc- 
tion valve  in  this  case  consists  of 
two  clack  valves  inclined  to  each 
other  and  resting  upon  a  square 
pin  A ;  they  are   prevented  from 
II  flying  back  too  far  during  the  up 
stroke  of  the  plunger  by  the  two 
uprights  /,  /.     During  the  down 
stroke  of  the  plunger  the  valves  at 
A    are   closed    and    the   delivery 
valve  at  />  is  open.     A  little  air  is 
always  carried  into  the  cylinder  of 
a  pump  with  the  entering  of  the 
water.     In  force  pumps  this  fact 
becomes  a  serious  consideration, 
since,  after  repeated  strokes,  the 
air    accumulates,  and  during  the 
down  stroke  of  the  plunger  it  is 
compressed.       After    a     time    it 
Pig.  aw.        would    become    sufficiently    com- 
pressed to  entirely  prevent  the  water  from  entering  through 
the  suction  valve,  the  pressure  on  the  top  of  the  valve  being 
greater  than  that  of  the  atmosphere  below.     In  the  pump 
shown  in  the  figure,  the  plunger  is  a  trifle  smaller  than  the 
cylinder,  and  the  air  collects  around  the  plunger  below  the 
stuffing-box.     To  remove  this  air  a  narrow  passage  C,  shown 
by  the  dotted  lines,  that  can  be  closed  at  its  upper  end  by 
the   cock  D,  connects  the   interior  of  the  pump  with  the 
atmosphere  when  the  cock  is  open.     It  is  evident  that  this 
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cock  must  not  be  opened,  except  during  the  down  stroke  of 
the  plunger ;  for,  if  it  were  open  during  the  up  stroke,  the 
pressure  below  the  plunger  being  less  than  the  pressure  of 
the  atmosphere  above,  the  air  would  rush  in  instead  of  being 
expelled. 

1083*  Double-Actlnff  PumfM. — In  the  pumps  pre- 
viously described,  the  discharge  was  intermittent ;  that  is, 
the  pump  could  only  discharge  when  the  piston  was  moving 
in  one  direction.  In  some  cases  it  is  necessary  that  there 
should  be  a  continuous  discharge;  in  all  cases  it  takes  more 


FlO.  210. 

power  to  run  the  pump  with  an  intermittent  discharge,  as  a 
little  consideration  will  show.  If  the  height  that  the  water 
is  to  be  raised  is  considerable,  its  weight  will  be  very  great, 
and  the  entire  mass  must  be  put  in  motion  during  one  stroke 
of  the  piston. 

In  order  to  obtain  the  advantage  of  a  more  continuous  dis- 
charge,  double-acting  pumps  are  used.     Fig.  210  shows  a 
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part  sectional  view  of  such  a  pump.  Two  pistons  a  and  b 
are  used,  which  are  operated  by  one  handle  c  in  the  manner 
shown.  The  pump  has  one  suction  pipe  s  and  one  discharge 
pipe  d.  The  cylinders  e  and  /*  are  separated  by  a  diaphragm 
g^  so  that  they  cannot  communicate  with  each  other  above 
the  pistons.  In  the  figure,  the  handle  c  is  moving  to  the 
right,  the  piston  a  upwards,  and  the  piston  b  downwards. 
As  the  piston  a  moves  upwards,  it  lifts  the  water  above  it 
and  causes  it  to  flow  through  the  delivery  valve  h  into  the 
discharge  pipe  d.  This  upward  movement  of  the  piston 
creates  a  partial  vacuum  below  it  in  the  cylinder  e,  and 
causes  the  water  to  rush  up  the  suction  pipe  s  into  the  cyl- 
inder, as  shown  by  the  arrows.  In  the  cylinder/,  the  down- 
ward movement  of  the  piston  b  raises  the  piston  valve  t/,  and 
the  weight  of  the  water  on  the  suction  valve  i  keeps  it  closed. 
When  the  handle  c  has  completed  its  movement  to  the  right 
and  begins  its  return,  all  of  the  valves  on  the  right-hand  side 
open  except  v^  and  those  on  the  left-hand  side  close  except 
/;  water  is  then  discharged  into  the  delivery  pipe  by  the 
cylinder  /,  and  only  at  the  instant  of  reversal  is  the  flow  into 
the  delivery  pipe  d  stopped. 

1084.  Air  Cttambers. — In  order  to  obtain  a  continu- 
ous flow  of  water  in  the  delivery  pipe,  with  as  nearly  a  uniform 
velocity  as  possible,  an  air  chamber  is  usually  placed  on 
the  delivery  pipe  of  force  pumps  as  near  to  the  pump  cyl- 
inder as  the  construction  of  the  machine  will  allow.  The 
air  chambers  are  usually  pear-shaped,  with,  the  small  end 
connected  to  the  pipe.  They  are  filled  with  air  which  the 
water  compresses  during  the  discharge.  During  the  suction, 
the  air  thus  compressed  expands  and  acts  as  an  accelerating 
force  upon  the  moving  column  of  water,  a  force  which 
diminishes  with  the  expansion  of  the  air,  and  helps  to  keep 
the  velocity  of  the  moving  column  more  nearly  uniform. 
An  air  chamber  is  sometimes  placed  upon  the  suction  pipe. 
These  air  chambers  not  only  tend  to  promote  a  uniform  dis- 
charge, but  they  also  equalize  the  stresses  upon  the  pump, 
and  prevent  shocks  due  to  the  incompressibility  of  water. 
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They  serve  the  same  purpose  in  pumps  that  a  fly-wheel  does 
to  the  steam  engine.  Unless  the  pump  moves  very  slowly, 
it  is  absolutely  necessary  to  have  an  air  chamber  on  the 
delivery  pipe. 

1085*  Steam  Pumps. — Steam  pumpa  are  force 
pumps  operated  by  steam  acting  upon  the  piston  of  a  steam 
engine,  directly  connected  to  the  pump,  and  in  many  cases 
cast  with  the  pump.  A  section  of  a  double-acting  steam 
pump  showing  the  steam  and  water  cylinders,  with  other 
details,  is  illustrated  in  Fig.  211.     Here  G^  is  a  steam  piston^ 


Fig.  2n. 

and  R  the  piston  rod,  which  is  secured  at  its  other  end  to 
the  plunger  R  F  is  sl  partition  cast  with  the  cylinder, 
which  prevents  the  water  in  the  left-hand  half  from  com- 
municating with  that  in  the  right-hand  half  of  the  cylinder. 
Suppose  the  piston  to  be  moving  in  the  direction  of  the 
arrow.  The  volume  of  the  left-hand  half  of  the  pump  cylin- 
der will  be  increased  by  an  amount  equal  to  the  area  of  the 
circumference  of  the  plunger,  multiplied  by  the  length  of 
the  stroke,  and  the  volume  of  the  right-hand  half  of  the  cylin- 
der will  be  diminished  by  a  like  amount.     In  consequence 
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of  this,  a  volume  of  water  in  the  right-hand  half  of  the 
cylinder  equal  to  the  volume  displaced  by  the  plunger  in  its 
forward  movement  will  be  forced  through  the  valves  F',  F' 
into  the  air  chamber  A^  through  the  orifice  Z?,  and  then  dis- 
charged through  the  delivery  pipe  H.  By  reason  of  the 
partial  vacuum  in  the  left-hand  half  of  the  pump  cylinder, 
owing  to  this  movement  of  the  plunger,  the  water  will  be 
drawn  from  th^  reservoir  through  the  suction  pipe  C  into 
the  chamber  A",  K,  lifting  the  valves  S\  S',  and  filling  the 
space  displaced  by  the  plunger.  During  the  return  stroke 
the  water  will  be  drawn  through  the  valves  5,  5  into  the 
right-hand  half  of  the  pump  cylinder,  and  discharged 
through  the  valves  F,  V  in  the  left-hand  half.  Each  one  of 
the  four  suction  and  four  discharge  valves  is  kept  to  its  seat, 
when  not  working,  by  light  springs,  as  shown. 

There  are  many  varieties  and  makes  of  steam  pumps,  the 
majority  of  which  are  double-acting.  In  many  cases  two 
steam  pumps  are  placed  side  by  side,  having  a  common 
delivery  pipe.  This  arrangement  is  called  a  duplex  pump. 
It  is  usual  to  so  set  the  steam  pistons  of  duplex  pumps  that 
when  one  is  completing  the  stroke  the  other  is  in  the  middle 
of  its  stroke.  A  double-acting  duplex  pump  made  to  run  in 
this  manner,  and  having  an  air  chamber  of  sufficient  size, 
will  deliver  water  with  nearly  a  imiform  velocity. 

In  mine  pumps  for  forcing  water  to  great  heights,  the 
plungers  are  made  solid,  and  in  most  cases  extended  through 
the  pump  cylinder.  In  many  steam  pumps  pistons  are  used 
instead  of  plungers,  but  when  very  heavy  duty  is  required 
plungers  are  preferred. 

1086.  Centrifugal  Pumpa. — Next  to  the  direct-act- 
ing steam  pump,  the  centrifugal  pump  is  the  most  valu- 
able instrument  for  raising  water  to  great  heights  that  has 
yet  been  described.  As  the  name  denotes,  the  effects  pro- 
duced by  centrifugal  force  are  made  use  of.  Fig.  212  repre- 
sents one  with  half  of  the  casing  removed.  The  hub  5  is 
hollow,  and  is  connected  directly  to  the  suction  pipe. 
The  curved  arms  ^,  called  vanes  or  iwinga,  are  revolved 
with  a  high  velocity  in  the  direction  of  the  arrow,  and  the 
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air  enclosed  between  them  is  driven  out  through  the  dis- 
charge  passage  and  delivery  pipe  D  D.     This  creates  a  par- 
tial vacuum  in  the  casing  and  suction  pipe,  and  causes  the 
water  to  flow  in  through  S.     This  water  is  also  made  to 
revolve  with  the  vanes,  and,  of  course,  with  the  same  velocity. 
The  centrifugal  force  of  the  revolving  water  causes  it  to  fly 
outwards    towards    the   end   of    the   vanes,    and   becomes 
greater  the   farther  away   it  gets  from  the  center.     This 
causes  it  to  leave  the  vanes,  and  finally  to  leave  the  pump 
by  means  of  the  discharge  passage  and  delivery  pipe  D  D, 
The  height  to  which  the  water  can   be  forced  depends  upon 
the  velocity  of  the  revolving  vanes.     In  the  construction 
of  the   centrifugal   pump,    particular   care   is   required    in 
giving  the  correct  form 
to  the  vanes;  the  effi- 
ciency of  the  machine 
depends  greatly  upon 
this    point    being    at- 
tended   to.     What    is  I 
required  is  to  raise  the 
water,  and  the  energy  ' 
used  to  drive  the  pump 
should  be  devoted   as 
far  as  possible  to  this 
one   purpose.     The 
water  when  it  is  raised 

should     be     delivered  pig.  212. 

with  as  little  velocity  as  possible,  for  any  velocity  which 
the  water  then  possesses,  has  been  produced  at  the  expense 
of  the  energy  used  to  drive  the  pump.  The  form  of  the 
vanes  is  such  that  the  water  is  delivered  at  the  desired 
height  with  the  least  expenditure  of  energy. 

The  number  of  vanes  depends  upon  the  size  and  capacity 
of  the  pump.  It  will  be  noticed  that,  in  the  pump  shown  in 
the  figure,  the  vanes  have  sharp  edges  near  the  hub.  The 
object  of  this  is  to  provide  for  a  free  ingress  of  the  water, 
and  also  to  cut  any  foreign  substance  that  may  enter  the 
pump  and  prevent  it  from  working  properly. 
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Almost  any  liquid  can  be  raised  with  these  pumps,  but 
when  used  for  pumping  chemicals,  the  casing  and  vanes  are 
made  of  materials  that  the  chemicals  will  not  affect. 

1087.  The  Hydraulic  Ram. — The  construction  of  a 
hydraulic  ram  is  shown  in  Fig.  213.  This  machine  is  used 
for  raising  water  from  a  point  below  the  level  of  the  water 
in  a  spring  or  reservoir  to  a  point  considerably  higher,  with 
no  power  other  than  that  afforded  by  the  inertia  of  a  moving 
column  of  water.  In  the  figure,  ^  is  a  pipe  called  the  drive  pipe  ^ 
connecting  the  ram  with  the  reservoir;  the  valve  b  slides 
freely  in  a  guide,  and  is  provided  with  lock-nuts  to  regulate 
the  distance  that  the  valve  can  fall  below  its  seat.     When 


Fig.  218. 
the  water  is  first  turned  on  by  opening  the  valve  «,  the  valve 
b  is  already  opened,  and  the  water  flows  out  through  r,  as 
shown.  As  the  discharge  continues,  the  velocity  of  the 
water  in  the  drive  pipe  will  increase  until  the  upward  pres- 
sure against  the  valve  b  is  sufficient  to  force  the  valve  to  its 
seat.  The  actual  closing  of  the  valve  takes  place  very  sud- 
denly, and  the  momentum  of  the  column  of  water,  which 
was  moving  with  an  increasing  velocity  through  the  drive 
pipe  ^,  will  very  rapidly  force  some  water  through  the  valve 
d  into  the  air-chamber/*.  Immediately  after  this,  a  rebound 
takes  place,  and  for  a  short  interval  of  time  the  water  flows 
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back  up  the  drive  pipe  a  and  tends  to  form  a  vacuum  under 
the  air  chamber  valve  d\  this  opens  the  snifter  valve  g  and 
admits  a  little  air,  which  accumulates  under  the  valve  d  and 
is  forced  into  the  air  chamber  with  the  next  shock.  This  air 
keeps  the  air  chamber  constantly  charged ;  otherwise,  the 
water,  being  under  a  greater  pressure  in  the  air  chamber  than 
it  is  in  the  reservoir,  would  soon  absorb  the  air  in  the  cham- 
ber and  the  ram  would  cease  to  work  until  the  chamber  was 
recharged  with  air.  The  rebound  also  takes  the  pressure 
off  the  under  side  of  valve  b  and  causes  it  to  drop,  and  the 
above-described  operations  are  repeated.  The  delivery  pipe 
is  shown  at  e-,  a  steady  flow  of  water  is  maintained  through  it 
by  the  pressure  of  the  air  in  the  chamber/;  this  air  also  acts 
as  a  cushion  when  valve  b  suddenly  closes,  and  prevents  un- 
due shock  to  the  parts  of  the  ram. 

The  height  to  which  water  can  be  raised  by  the  hydraulic 
ram  depends  upon  the  weight  of  the  valve  b  and  the  velocity 
of  the  water  in  a, 

1 088.     Power  Necessary  to  'Work  a  Pump : 

Rule  I. — In  all  pumps  ^  whether  lifting^  force  ^  steam^  single- 
or  double-acting^  or  centrifugal^  the  number  of  foot-pounds  of 
power  needed  to  work  the  putnp  is  equal  to  the  weight  of  the 
water  in  pounds^  multiplied  by  the  vertical  distance  in  feet  be- 
tween the  level  of  the  water  in  the  welly  or  source,  and  the 
point  of  discharge,  plus  the  work  necessary  to  overcome  the 
friction  and  other  resistances. 

Rule  II. — The  work  done  in  one  stroke  of  a  pump  is  equal 
to  the  weight  of  a  volume  of  water  equal  to  the  volume  dis- 
placed by  the  piston  during  the  stroke,  multiplied  by  the  total 
vertical  distance  in  feet  through  which  the  water  is  to  be 
raised,  plus  the  work  necessary  to  overcome  the  resistances. 

A  little  consideration  will  make  Rule  II  evident.  Suppose 
that  the  height  of  the  suction  is  25  feet ;  that  the  vertical 
distance  between  the  suction  valve  and  the  point  of  dis- 
charge is  100  feet;  that  the  stroke  of  the  piston  is  15  inches, 
and  that  its  diameter  is  10  inches.  Let  the  diameters  of  the 
suction   pipe    and  delivery  pipe   be  4    inches   each.     The 
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volume  displaced  by  the  pump  piston  or  plunger  in  one  stroke 

equals  ^^' ^ '"^^^^  ^  ^^  =  .68177  cubic  foot.    The  weight  of 

an  equal  volume  of  water  =  .G8177  X  62.5  =  42.61003  pounds. 
Now,  in  order  to  discharge  this  v/ater,  a//  of  the  water  in 
the  suction  and  delivery  pipes  had  to  be  moved  through  a 
certain  distance  in  feet  equal  to  .G8177  divided  by  the  area 
of  the  pipes  in  square  feet. 

Four  inches  =  J  of  a  foot.     (J)"  X  .7854  =  '-^^^  =  .0872J 

square  foot.     .68177  -^  .0872|-  =  7.8125  feet. 

The  weight  of  the  water  in  the  delivery  pipe  is  (i)'  X 
.7854  X  100  X  62.5  =  545.42  pounds. 

The  weight  of  the  water  in  the  suction  pipe  is  (J)'  X  .7854 
X  25  X  62.5  =  136.35  pounds. 

545.42  +  136.35=681.77  pounds  =  the  total  weight  of 
water  moved  in  one  stroke.  The  distance  that  it  is  moved  in 
one  stroke  is  7.8125  feet.  Hence,  the  number  of  foot- 
pounds necessary  for  pne  stroke  is  681. 77  X  7.8125  =  5,326.33 
foot-pounds.  Had  this  result  been  obtained  by  Rule  II,  the 
process  would  have  been  as  follows :  The  weight  of  the  water 
displaced  by  the  piston  in  one  stroke  was  found  to  be  42. 61063 
pounds.  42.61X125  =  5,326.33  pounds,  which  is  exactly 
the  same  as  the  result  obtained  by  the  previous  method,  and 
is  a  great  deal  shorter. 

Example. — What  must  be  the  necessary  horsepower  of  a  double-act- 
ing steam  pump  if  the  vertical  distance  between  the  point  of  discharge 
and  the  point  of  suction  is  96  feet  ?  The  diameter  of  the  pump  cylin- 
der is  8  inches,  the  stroke  is  10  inches,  and  the  number  of  strokes  per 
minute  is  120.     Allow  26i  for  friction,  etc. 

Solution. — Since  the  pump  is  double-acting,  it  raises  a  quantity  of 
water  equal  to  the  volume  displaced  by  the  plunger  at  every  stroke. 
The  weight  of  the  volume  of  water  displaced  in  one  stroke  =  {fg)*  X 
.7854  X  H  X  62.5  =  18.18  pounds,  nearly. 

18.18  X  96  X  120  =  209,433.6  foot-pounds  per  minute. 

Since  25^  is  to  be  allowed  for  friction,  the  actual  number  of  foot- 
pounds   per    minute  =  209,433.6  -*-  .75  =  279,244.8    foot-pounds    per 

minute. 

279  244  8 
One  horsepower  =  33,000  foot-pounds  per  minute;  hence,    33'QQQ 

=  8.462  H.  P.,  nearly.    Ans. 
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PROPERTIES  OF  FORCE. 


1089.  Before  beginning  the  subject  of  Graphical  Stat- 
ics, it  will  be  well  to  restate  some  of  the  fundamental  prin- 
ciples of  mechanics,  and  explain  them  somewhat  more  at 
length  than  has  been  done  in  former  articles. 

Force,  so  far  as  we  know,  always  relates  to  bodies,  and 
may  be  defined  as  the  action  of  a  body  upon  another,  causing, 
or  tending  to  cause,  motion  in  the  latter. 

1090.  If  two  forces  act  upon  a  body,  tending  to  pro- 
duce the  same  amount  of  motion,  but  in  opposite  directions, 
it  is  evident  that  there  can  be  motion  in  neither  direction. 
The  forces  are  then  said  to  be  balanced  or  In  equilibrium. 

This  condition  is  not  limited  to  two  forces;  three  or  more 
forces  may  so  act  upon  a  body  as  to  be  balanced  among 
themselves,  as  when  a  body  hangs  by  two  or  more  ropes; 
here  the  weight  of  the  body,  which  is  one  of  the  forces,  bal- 
ances the  pulls  of  the  ropes,  which  are  the  other  forces. 

1091.  When,  on  the  contrary,  a  force  acting  upon  a 
body  is  not  resisted  by  an  equal  and  opposite  force,  motion 
takes  place,  and  the  force  is  said  to  be  unbalanced. 

1092«  The  general  laws  of  force  and  its  effects  are  the 
subject  of  the  science  of  mecbanics. 

Statics  is  that  branch  of  mechanics  which  treats  of  bal- 
anced  forces — that   is,   of   the   conditions   of    equilibrium. 

1093.  In  order  to  determine  the  effect  of  a  force,  it  is 
necessary  to  consider  (1)  its  point  of  application;  (2)  its 
direction^  and  (3)  its  magnitude. 

For  notice  of  copyright,  see  page  iinmeUiatciv  following  the  title  page. 
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1094.  The  point  of  application  of  a  force  is  the 
point  at  which  the  force  is  applied  and  upon  which  its  effect 
is  exerted.  The  point  of  application  c^  a  force  is  usually 
known. 

1 095.  The  direction  of  a  force  is  the  direction  in  which 
it  tends  to  move  its  point  of  application;  the  line  along 
which  it  tends  to  move  the  point  of  application  is  called  the 
line  of  action  of  the  force. 

The  motion  produced  by  an  unbalanced  force  will  always 
be  in  a  straight  line^  and  the  line  of  action  of  a  force  may 
always  be  represented  by  a  straight  line.  For  convenience, 
any  point  in  the  line  of  action  of  a  force  may  be  taken  as  its 
point  of  application. 

If  several  forces  have  a  common  point  of  application,  or 
their  lines  of  action  meet  at  a  common  point,  they  are  called 
concurring  forces.  If  their  lines  of  action  do  not  meet 
at  a  common  point,  they  are  called  non-concurring 
forces. 

It  is  evident  that  the  line  of  action  of  a  force  does  not  fully 
define  or  fix  its  direction^  for  the  force  might  act  towards 
either  end  of  the  line ;  the  direction  in  which  a  force  acts 
along  its  line  of  action  is  called  the  sense  of  the  force. 

The  direction  of  di  force  must  not  be  confused  with  its  line 
of  action.  The  line  of  action  must  pass  through  the  point  of 
application ;  while  the  direction  may  be  represented  by  any 
line  parallel  to  the  line  of  actiofi. 

The  direction  of  a  force  includes  its  line  of  action  and  its 
sense. 

The  lines  of  action  of  all  forces  considered  here  will  be 
understood  to  lie  in  the  same  plane. 

1096.  The  magnitude  of  a  force  is  measured  by  com- 
parison with  some  knowft  force  or  with  some  assumed  unit 
of  force.  Unless  otherwise  specially  stated,  the  unit  of 
magnitude  herein  assumed  for  forces  will  always  be  one 
pound. 

1097.  Resultants  and  Components. — The  result- 
ant  of   any  number  of   forces  is  that  single  force  which 
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will  produce  the  same  effect  as  that  produced  by  the  com- 
bined  action  of  those  forces,  and,  on  the  contrary,  if  several 
forces  acting  together  can  produce  the  same  effect  as  that 
produced  by  a  single  force,  they  are  called  the  components 
of  that  force. 

The  process  (by  whatever  method)  of  finding  the  resultant 
of  several  forces  is  called  the  composition  of  forces. 

The  process  of  resolving  a  force  into  its  components  is 
called  tlie  resolution  of  forces. 

In  any  investigation  in  statics,  the  components  may  be  re- 
placed  by  the  resultant^  or  the  resultant  by  the  components, 

1098*  Problems  in  statics  are  solved  by  assuming  the 
condition  of  equilibrium. 

If  several  forces  are  in  equilibrium  and  the  magnitudes 
and  directions  of  all  but  a  certain  number  of  them  are 
known,  the  magnitudes  and  directions  of  the  unknown  forces 
can,  in  some  cases,  be  ascertained  by  determining  the  rela- 
tions between  the  known  forces  and  those  which  are  neces- 
sary to  balance  them. 

The  operation  of  finding  the  values  of  the  unknown  forces 
in  a  combination  of  forces  which  are  in  equilibrium  is  similar 
to  the  solution  of  an  algebraic  equation.  In  the  latter  case, 
the  condition  of  equality  is  assumed  between  the  members 
of  the  equation;  in  the  former  case,  the  condition  of  equi- 
librium is  assumed  between  the  forces;  in  either  case,  the 
values  of  the  unknown  quantities  are  ascertained  by  means 
of  their  relations  to  the  known  quantities. 


THE  GRAPHICAXr  REPRESENTATION  OF 
FORCES. 
1099.  In  the  geometrical  solution  of  mechanical  prob- 
lems every  force  is  represented  by  a  straight  line  that  either 
coincides  with,  or  is  parallel  to,  the  line  of  action  of  the 
force.  The  magnitude  of  the  force  is  represented  by  the 
length  of  the  line,  and  its  sense  by  an  arrow-head  pointing 
in  the  direction  in  which  the  force  tends  to  move  its  point 
of  application. 
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In  Fig.  214,  the  line  A  B  represents  a  force  of  300  pounds 
to  a  scale  of  200  pounds  to  the  inch ;  that  is,  every  inch  of 

length   represents   200    pounds    of 
^       ^  ^  force.     The  length  oi  A  B  is,  there- 

Pio.  214.  fore,  f  g^  =  1^  inches.     The  arrow- 

head indicates  that  the  force  acts  from  A  towards  B. 

A  decimally  divided  scale,  i.  e.,  a  scale  of  10,  20,  30,  40, 
or  50  divisions  to  the  inch,  is  the  most  convenient  to  use  in 
representing  forces.  As  the  larger  the  scale  used,  the  more 
accurate  are  the  results,  it  is  always  best  to  use  as  large  a 
scale  as  may  be  expedient. 

If  the  position  of  the  line  represents  the  line  of  action  of 

the  force,  and  the  point  of  application  is  at  ^,  then  the  force 

tends  to  pull  the  point  of  application  A  towards  B\  but,  if 

B  is  the  point  of  application,  then  the  force  tends  to  push 

it  away  from  A,     If  the  force  be  applied  at  any  point  along 

its  line  of  action  (between  A  and  B^  or  in  line  beyond  A  or 

beyond  B)^  its  effect  will  be  the  same ;  namely,  a  tendency 

to  move  the  point  of  application  along  the  same  straight 

line,  A  By  or  A  B  produced,  in  the  direction  indicated  by 

the  arrow-head.     (See  Art.  1095.)     Usually,  the  point  of 

application  of  a  force  is  considered  to  be  at  one  end  of  the 

line  representing  the  force. 

•  Hereafter,  t/ie  arrow-head^  indicating  the  sense  of  a  force ^ 

will  be  placed  betzueen  that  e?id  which  represcftts  the  point  of 

application^  and  the  center  of  the  line.     This  practice  will 

here  be  conventionally  followed;  thus,  in  Fig.  214,  the  point 

of  application  of  the  force  is  understood  to  be  at  ^. 

Note.— When  the  direction  of  a  force  is  given  by  its  angle,  it  will 
be  understood  according  to  the  note  in  Art.  879. 

1  lOO.  It  is  thus  seen  that  forces  may  be  correctly  rep- 
resented by  lines ;  this  is  called  the  graphical  metliod  of 
representing  forces.  The  method  is  made  very  valuable  by 
the  additional  fact  that  the  relations  necessary  to  the  condi- 
tion of  equilibrium  between  the  forces  so  represented^  can  be 
determined  by  applying  the  principles  of  geometry  to  the  lines 
so  used, 

A  combination  of  forces  may   thus  be  analyzed;   such 
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geometrical  or  graphical  analysis  of  balanced  forces  is  called 
Srraptiical  statics. 

Graphical  Statics  may,  therefore,  be  defined  as  a  method 
of  solving  statical  problems  by  means  of  diagrams  in  which 
the  lengths  and  directions  of  the  lines  represent,  respectively, 
the  magnitudes  and  directions  of  the  forces  treated. 


CONCURRING    FORCES. 
IIOI.     Tlie  Force  Polygon. 

Referring  to  Fig.  117,  Art.  881,  it  will  be  remembered 
that^^j:  represents  the  resultant  oi gf,  f  e^  e  d^  etc.,  which 
means  that  the  forces  ^/,  / ^',  etc.,  may  be  replaced  by  the 
single  force  g  a.  Now,  if  we  apply  a  force  equal  to  g  a,  but 
in  opposite  direction,  the  two  will  balance  each  other;  or, 
what  is  the  same  thing,  the  new  force  will  balance  the  com- 
bination of  forces^/,  f  e,  etc.  This  is  indicated  by  simply 
changing  the  arrow-head  on  line  a  g.  Hence  the  following 
principles: 

{a)  If  any  number  offerees  are  in  equilibrium^  lines  repre- 
senting the  forces  in  magnitude  and  directioft,  drawn  end  to 
end  consecutively  y  must  for  tn  a  closed  polygon. 

Conversely:  (p)  If  any  number  of  concurring  forces  can 
be  represented  by  the  sides  of  a  closed  polygon^  in  such  a  man- 
ner that  the  directions  of  the  arrow-heads  will  follow  each 
other  around  the  polygon^  the  forces  are  in  equilibrium. 

The  special  condition  of  equilibrium  in  drawing  the  force 
polygon  is  that  it  must  close.  The  arrow-heads  on  the  lines 
forming  the  sides  of  the  polygon  must  be  so  placed  that  a 
pencil  passed  successively  over  each  line  in  the  direction 
indicated  by  the  arrow-head  will  move  continuously  around 
the  polygon  to  the  place  of  beginning;  the  arrozv-heads  on 
any  two  adjacent  sides  must  not  point  towards  the  point  of 
intersection  of  the  two  sides. 

If  the  lines  of  action  of  all  the  forces  are  parallel,  the 
closed  polygon  will  be  a  straight  line;  in  this  case,  the 
pencil  would  travel  from  one  enc?  of  the  line  to  the  opposite 
end  and  back  again  to  tne  starting  point. 
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1102.  Lines  representing  forces  in  equilibrium,  if 
drawn  end  to  end,  will  always  form  a  closed  polygon,  whether 
the  forces  do  or  do  not  meet  at  a  common  point ;  but  forces 
which  are  represented  by  the  sides  of  a  closed  polygon  are 
not  necessarily  in  equilibrium  unless  they  are  conairring 
forces.  If  the  forces  so  represented  are  non-concurring 
forces,  their  lines  of  action  may  be  so  arranged  that  their 
resultants  will  form  what  is  known  as  a  couple.  ■  / 

Illustration. — In  Fig.  215,  the  lines  A  (9  =  30  lb., 
O  B  =  SO  lb.,  C  O  =  20  lb.,  D  0=QO  lb.,  O  E^U  lb.,  and 


Pig.  216. 

F  O  =  AO  lb. ,  represent  forces  which  meet  at  the  common 
point  O.  The  lengths  of  the  lines  represent  the  mag- 
nitudes of  the  forces  to  a  scale  of  64  lb.  =  1  in. ;  the  directions 
and  positions  of  the  lines  represent  the  lines  of  action  of  the 
forces;  one  end  of  each  line  is  at  the  point  of  application  of 
the  force  which  it  represents,  while  an  arrow-head  marked 
upon  it  indicates  the  sense  of  the  force.     All  the  forces  are 
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exerted  in  directions  towards  the  common  point  of  applica^ 
tion  (?,  except  those  represented  by  the  lines  O  B  and  O  E^ 
which  act  in  directions  away  from  (9. 

In  Fig.  215  (a),  the  line  ^  (9  =  30  lb.=|J  =  ^|  in.,  is 
drawn  equal  and  parallel  \.o  A  O;  as  indicated  by  the  arrow- 
head, it  was  drawn  from  a  towards  O,  the  movement  being 
parallel  to  the  sense  of  the  force  A  O;  in  other  words,  the 
line  a  O  is  drawn  parallel,  not  simply  to  the  line  A  O,  but 
to  the  direction  (i.  e.,  line  of  action  and  sense)  of  the  force 
represented  by  it ;  likewise,  from  (?,  the  line  (9  ^  =.-  80  lb.  = 
IJ  =  l^  in.,  is  drawn  equal  and  parallel  to  O  B;  from  &  the 
line  d  r  =  20  lb.  =  |f  =  ^''^  in.,  is  drawn  equal  and  parallel 
to  C  O;  from  c  the  line  c  d=  60  lb.  =  |J  =  ||-  in.,  is  drawn 
equal  and  parallel  to  D  O;  from  d  the  line  d e  =  75\h.= 
II  =  1^  in.,  is  drawn  equal  and  parallel  to  O  £  and  from  ^, 
the  line  ^  ^  =  40  lb.  =  |J  =  f  in.,  is  drawn  equal  and  parallel 
to  F  O,  The  terminus  of  the  last  line  falls  just  at  the  start- 
ing point  Uy  forming  a  closed  figure ;  therefore,  these  forces, 
which  meet  at  a  common  point,  must  be  in  equilibrium.  A 
pencil  passed  along  each  line  successively  in  the  direction 
indicated  by  the  arrow-heads  will  return  to  the  starting 
point. 

In  Fig.  215,  {a)  is  a  force  polygon  for  the  forces  repre- 
sented in  Fig,  215.  In  drawing  this  force  polygon,  the 
forces  were  taken  in  order  passing  around  the  point  (9,  in  a 
direction  opposite  to  the  movement  of  the  hands  of  a  clock; 
practically  the  same  results,  i.  e. ,  the  same  relations  between 
the  lines,  would  have  been  obtained  had  the  forces  been 
taken -in  any  order.  In  {b)  and  (r)  the  forces  were  not  taken 
in  regular  order.  For  the  purposes  of  graphical  statics^  it 
makes  no  difference  in  what  ordt  r  the  lines  are  drawn  ;  the 
relative  lengths  of  the  lines  necessary  to  form  a  closed  poly- 
gon are  the  same  in  any  case.  It  is  usually  the  most  con- 
venient, however,  to  take  the  forces  in  order  around  the 
point  of  application.  It  is  not  necessary  to  use  the  same 
scale  to  represent  the  forces  in  the  force  polygon,  as  (^) 
that  was  used  to  represent  them  in  the  original  figure,  as 
Fig.  215. 
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1103.  In  the  force  polygon,  place  the  arrow-head  in 
each  case  a  little  to  one  side  of  the  center  of  the  line  and 
nearer  to  the  end  of  the  line  corresponding  to  the  point  of 
application.  (See  Art.  1099.)  If  the  sense  of  the  force 
is  toivards  the  point  of  application,  the  arrow-head  should 
point  towards  the  shorter  portion  of  the  line,  but  if  the  sense 
of  the  force  is  away  from  the  point  of  application,  the  arrow- 
head should  point  towards  the  longer  portion  of  the  line. 
The  advantage  of  this  practice  will  be  shown  further  along. 

1104.  The  point  of  application  of  the  forces  can  not  be 
represented  in  the  force  polygon  by  a  single  point.  In  Fig.  215 
each  line  not  only  represents  the  magnitude  and  direction 
of  a  force,  but  it  also  definitely  locates  its  line  of  action. 
The  point  of  application  of  each  force  must  be  some  point 
in  its  line  of  action ;  in  this  case  it  is  the  common  point  O. 
But  in  the  force  polygon  (^),  (^),  or  (^),  each  line  is  simply 
dvdi^n parallel  to  the  direction  of  the  corresponding  force; 
it  does  not  in  any  manner  indicate  either  its  line  of  action 
or  its  point  of  application;  it  represents  the  force  in 
magnitude  and  direction  only. 


1105. 

librant. 

In    Fig. 


Tlie    Triangle  of  Forces   and    tlie    Bqul- 


210,    the    lines    A 


O  and  O  B  represent  two 
forces  whose  lines  of  action 
meet  at  an  angle  of  30 
degrees  at  the  common 
point  O.  The  force  A  O  = 
35  pounds  and  O  B  =  4:5 
pounds.  The  scale  used  is 
32  pounds  to  the  inch.  As 
the  lines  A  O  and  O  B  can 
not  be  so  drawn  as  to  form 
a  closed  figure,  the  forces 
cannot  be  in  equilibrium.  (Arts.  IIOI  and  1102.)  But 
it  is  evident  that  a  line  drawn  from  B  to  A,  as  indicated  by 
the  dotted  line  B  A,  would  fulfil  this  condition;  for  a  pencil 
could  then  start  at  A,  and,  passing  along  each  line  in  the 


Scale 
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direction  indicated  by  the  arrow-heads,  travel  entirely 
around  the  figure  and  return  to  the  starting  point.  The 
force  B  A  (meaning  the  force  represented  in  magnitude  and 
direction  by  the  line  B  A)  is,  therefore,  in  equilibrium  with 
the  forces  A  O  and  O  B\  measured  to  the  scale  used  it 
equals  23  pounds.  The  position,  with  reference  to  the 
point  of  application,  of  the  force  represented  by  B  A 
may  be  represented  by  either  C  O  or  O  C\  each  equal  to 
BA, 

As  explained  in  Art.  llOl^a  force  equal  to  B  Ay  but 
acting  in  the  opposite  direction  (with  the  arrow-head  re- 
versed), would  be  the  resultant  of  the  two  forces  A  O  and 
O  B,  In  general,  if  the  direction  of  the  arrow-head  on  any 
line  of  an  equilibrium  polygon  be  reversed^  the  force  repre- 
sented by  that  line  will  be  the  resultant  of  all  the  forces 
represented  by  the  other  lines  of  the  polygon. 

1106.  The  complete  triangle  A  O  B  A,  Fig.  216,  is 
called  a  trlansle  of  forces;  ^  ^  is  called  the  closlns: 
line. 

A  force  which  is  in  equilibrium  with  any  combination  of 
forces  is  called  the  equilibrant  of  the  original  forces;  it 
must  be  equal  in  magnitude,  but  opposite  in  direction  to 
their  resultant,  and  is  sometimes  called  the  anti-resultant. 

The  equilibrant  is  the  force  which,  when  added  to  any 
combination  of  forces  not  in  equilibrium,  will  produce 
equilibrium  between  all  the  forces. 

In  the  usual  language,  a  force  or  system  of  forces  is  said 
to  be  equilibrated^  or  balanced^  by  the  equilibrant. 

1107.  From  the  foregoing  may  be  deduced  the 
following  principles: 

(a)  If  two  concurring  forces  are  respectively  represented  in 
magnitude  and  direction  by  lines  drawn  end  to  end,  a  third 
line  drawn  from  the  unconnected  end  or  terminus  of  the  second 
to  the  beginning  of  the  first  line^  completing  the  triangle,  will 
represent  in  magnitude  and  direction  the  equilibrant  of  the 
original  forces. 
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(b)  If  the  third  line  is  drawn  in  the  opposite  direction^ 
from  the  beginning  of  the  first  line  to  the  terminus  of 
the  second^  it  will  represent  the  resultant  of  the  two  original 
forces, 

(c)  If  three  forces  are  in  equilibrium^  each  force  will  be 
the  equilibrant  of  the  other  two  ;  each  force  %vill  be  equal  in 
magfiitude^  but  opposite  in  direction^  to  the  resultant  of  the 
other  two, 

(d)  The  line  representing  the  equilibrant  of  two  forces  may 
be  changed  to  represent  their  resultant^  or  the  line  represent- 
ing their  resultant  may  be  changed  to  represent  their 
equilibrant  by  simply  reversing  the  direction^  of  the  arrow- 
head. 

Example.— Two  forces,  A  O  =  100  pounds,  and  OB  —  122  pounds 
(Fig.  216),  act  upon  a  body  at  the  common  point  O,  their  lines  of  action 
meeting  at  an  angle  of  35  degrees ;  the  sense  of  ^  O  is  towards  O,  and 
the  sense  oi  O  B  \^  away  from  O.  What  is  the  magnitude  of  their 
equilibrant  ? 

Solution. — Draw  two  lines  of  indefinite  length  making  an  angle  of 
85  degrees  with  each  other.  With  any  convenient  scale,  say  16  pounds 
to  the  inch,  lay  ofi  A  O  upon  one  line  equal  to  100  pounds  =  \°y°  =  6^ 
inches,  and  upon  the  other  line  lay  ofi  O  B  equal  to  122  pounds  =^*  = 
7|  inches.  The  arrows  marked  upon  the  lines,  indicating  the  sense  of 
each  force  with  reference  to  the  point  O,  must /o//o7v  each  other;  one 
arrow  must  point  towards,  and  one  arrow  must  point  away  from,  the 
intersection  of  the  lines.  The  line  connecting  the  extremities  of  the 
two  lines,  i.  e.,  the  closing  line  of  the  triangle,  will  to  the  same  scale 
represent  the  magnitude  of  the  equilibrant.  The  closing  line  B  A  is 
found  to  equal  4|  inches  =  4f  X  16  =  70  pounds.  The  line  of  action  of 
the  equilibrant  must  be  parallel  to  the  closing  line ;  an  arrow  marked 
upon  the  closing  line  following  the  direction  of -the  other  two  arrows 
around  the  triangle  will  indicate  the  sense  of  the  equilibrant. 

1108.  Tbe  Equilibrant  and  Resultant  of  any 
Number  of  Forces. 

The  statement  that  the  line  necessary  to  close  the  figure 
represents  the  equilibrant,  while  a  line  in  the  same  position, 
but  drawn  in  the  opposite  direction,  represents  the  resultant 
of  the  forces  represented  by  the  original  lines,  is  also  true  of 
lines  representing  any  number  of  forces. 
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Illustration. — In  Fig.  217,  let  each  side  of  the  triangle 
A  O  B  represent  the  same  force  as  that  represented  by  the 
corresponding  lines  in  Fig.  216. 

In  Art.  1107,  these  forces 
were  shown  to  be  in  equilibrium. 
For  instance,  it  was  found  that 
a  line  drawn  from  B  to  A  rep- 
resented a  force  in  equilibrium 
with  the  forces  A  O  and  O  B^ 
and  that  a  line  in  the  same  posi- 
tion, but  drawn  from  A  to  B^ 
represented  the  resultant  of 
those  forces.     But  the  lines  A  O  fig.  217. 

and  O  B  may  each  represent  the  resultant  of  any  number  of 
forces.  For  the  lines  A  c  and  c  (9,  for  instance,  may  repre- 
sent two  forces,  of  which  the  force  A  O  \^  the  resultant. 
But  A  c  may  represent  the  resultant  of  the  forces  A  b  and 
b  r,  while  c  O  may  represent  the  resultant  of  the  forces  c  d 
and  d  O,  Again,  A  by  b  c,  c  d^  and  d  O  may  each  represent 
the  resultant  of  other  forces,  each  of  which  may  be  in  turn 
the  resultant  of  still  other  forces;  and  as  this  process  may 
be  extended  indefinitely,  it  is  plain  that  A  O  may  represent 
the  resultant  of  any  number  of  forces.  The  same  is  true  of 
O  B  ;  and,  if  instead  of  two  original  forces,  as  represented 
by  the  lines  A  O  and  O  />,  there  were  eight  original  forces, 
as  represented  by  the  lines  A  b,  b  c^c  d^  d  O^OCyC  f^  f  g^  and 
g  By  or  any  number  of  forces  represented  by  lines  starting 
at  A  and  terminating  at  /?,  the  closing  line  B  A  would  still 
represent  a  force  in  equilibrium  with,  i.  e.,  the  equilibrant 
of,  the  entire  system  of  original  forces,  and  a  line  from  A 
to  B  would  represent  their  resultant. 

Hence  the  following  principles: 

(a)  If  any  nujnber  of  concurring  forces  not  in  equilibrium 
are  respectively  represented  in  magnitude  and  direction  by 
lines  drawn  successively  end  to  end^  the  equilibrant  of  the 
original  forces  may  be  represented  by  a  line  drawn  from  the 
terminus  to  the  starting  point  of  the  original  lines  ^  closing  the 
polygon. 
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(b)  A  line  drawn  directly  from  the  starting  point  to  the 
terminus  of  the  original  lines  will  represent  the  resultant  of 
the  original  forces. 

(c)  If  any  nujnber  of  concurring  forces  are  in  equilib- 
rium^ each  force  will  be  the  equilibrant  of  all  the  others;  each 
force  will  be  equal  in  magnitude^  but  opposite  in  direction^  to 
the  resultant  of  all  the  others. 

These  principles  could  have  been  deduced  directly  from 
the  principles  stated  in  Art.  IIOI9  (a)  and  (b).  For,  if 
lines  representing  a  combination  of  forces  which  are  in 
equilibrium  form  a  closed  polygon,  then,  when  the  forces 
are  not  in  equilibrium  so  that  the  lines  representing  them 
will  not  close,  it  is  evident  that  the  closing  line,  drawn 
from  the  terminus  to  the  starting  point  of  the  original 
lines,  will  fulfil  the  conditions  necessary  for  equilibrium 
and  will  represent  a  force  in  equilibrium  with  the  original 
forces. 

If  the  original  forces  are  already  in  equilibrium,  the  force 
polygon  will  close,  showing  that  they  can  have  neither 
equilibrant  nor  resultant. 

1109.  Values  of  Forces  Wtilcti  May  Be 
Determined  by  ttie  Force  Polyson. 

The  force  polygon  may  be  called  a  sT^ometrical  equa- 
tion, for  it  expresses  the  relations  between  the  values  of  the 
quantities  (forces)  involved  that  are  necessary  to  a  condition 
of  equilibrium.  If  the  equation  contains  an  unknown 
quantity,  its  value  may  be  found  by  solving  the  equation, 
i.  e.,  by  drawing  the  polygon. 

It  should  be  borne  in  mind  that  each  line  in  the  force 
polygon  represents  two  distinct  values — namely,  the  mag- 
nitude and  the  line  of  action  of  a  force. 

The  values  for  each  force  necessary  to  satisfy  the  condi- 
tion of  equilibrium  between  the  forces  represented  may  be 
determined  by  drawing  the  force  polygon : 

{a)  When  both  the  magnitude  and  the  line  of  action  of 
one  force  are  unknown. 
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(b)  When  the  magnitude  of  one  force  and  the  line  of 
action  of  another  force  are  unknown,  the  line  of  action  of 
the  former  and  the  magnitude  of  the  latter  being  known. 

(c)  When  the  lines  of  action  of  two  forces  are  unknown, 
their  magnitudes  being  known. 

(d)  When  the  magnitudes  of  two  forces  are  unknown, 
their  lines  of  action  being  known. 

Note. — The  arrow-head  marked  upon  each  line  to  indicate  the 
sense  of  the  force  along  its  line  of  action  is  to  some  extent  independent 
of  the  above  conditions ;  the  sense  of  a  force  possessing  any  of  the 
unknown  conditions  as  above  may  always  be  determined  in  connection 
with  the  determination  of  the  unknown  condition. 

IIIO.  Case  (a) — How  to  find  the  magnitude^  line  of 
action^  and  sense  of  the  one  unknown  force  necessary  to 
fulfil  the  condition  of  equilibrium  has  been  explained  quite 
fully  in  Arts.  1105  to  1108.  The  operation  is  sub- 
stantially the  same  in  all  cases,  and  will  require  no  further 
explanation. 

nil*  Case  (^)— Example. — In  Fig.  218,  the  lines  of  action  of 
the  forces  A  Oy  B  O,  CO,  and  D  0  meet  at  the  common  point  O  ;  the 
magnitude    and  direction    of   each  are  known.      ^  O  =  40  pounds, 


Fig.  218. 


BO  —  ^  pounds,  CO  =  30  pounds,  and  D  0  =  ^0  pounds,  and  the 
direction  of  each  force  is  indicated  in  the  figure.  A  force  £  O  whose 
magnitude  is  unknown  acts  along  the  line  of  action  EO.  A  force  of 
50  pounds  designated  as  FO  also  acts  upon  the  point  Oy  but  its  line  of 
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action  is  not  known.  The  sense  of  neither  force  is  known.  It  is 
desired  to  find  the  magnitude  of  the  force  EG  and  the  direction  of  the 
force  FO. 

Solution. — Draw  end  to  end  consecutively,  and  to  any  scale,  the 
lines  representing  the  known  forces  A  O,  BO,  COy  and  Z>  (?,  as  a  by 
b  Cy  c  dy  and  ^^^  in  (^/),  Fig.  218.  Through  Cy  draw  a  line  of  indefinite 
length,  as  efy  having  the  direction  of  the  force  EO  ;  from  the  point  a 
as  a  center,  with  a  radius  whose  length  represents  50  pounds  (the 
magnitude  of  the  force  FO  whose  direction  is  unknown),  strike  the 
arc  of  a  circle  intersecting  the  indefinite  line  e  f  2Xf  \  draw  the  liney"  Oy 
and  mark  upon  it  an  arrow  indicating  a  direction  corresponding  to  the 
general  directions  of  the  other  lines  around  the  polygon.  The  direc- 
tion of  the  force  FO  vs,  thus  found  to  be  the  direction  of  the  Xxn^f  a  ; 
and  the  magnitude  of  the  force  E  O  \^  represented  by  the  length  of 
the  line  between  e  and/;  EO  —  %^  pounds.  The  same  scale  must  be 
used  for  all  the  lines  of  the  force  polygon. 

1112.  Crt^^  (r)— Example.— In  Fig.  219,  the  forces  AOy  BOy 
COy  and  DO,  which  meet  at  the  common  point  O,  have  the  same 
values  as  the  corresponding  forces  represented  in  Fig.  318 ;  namely, 


-E^ 
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40,  60,  30,  and  70  pounds,  respectively.  Also  acting  upon  the  same 
point  are  two  forces,  EO  =  S0  pounds  and  FO  =  50  pounds,  whose 
directtonsy  i.e.,  lines  of  action  and  sense^  are  unknown.  It  is  desired 
to  find  the  directions  of  the  two  forces  £*(9and  FOy  in  order  that 
there  may  be  equilibrium. 

Solution. — Draw  end  to  end  consecutively,  and  to  any  scale,  the 
lines  representing  the  known  forces  A  Oy  B  Oy  C  Oy  and  D  Oy  as  a  b, 
b  Cy  c  dy  and  d  Cy  in  (d).  From  ^  as  a  center,  strike  the  arc  of  a  circle 
having  a  radius  equal  to  -f  O  =  80  pounds ;  and,  from  a  as  a  center. 
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strike  the  arc  of  a  circle  having  a  radius  equal  to  FO  —  50  pounds;  or 
vice  versa.  If  the  forces  are  in  equilibrium,  the  arcs  will  intersect,  as 
atyandy.  Draw  the  lines  e/2Ltul/ a  (or  ef  and/'  a)\  mark  upon 
the  lines  arrows  indicating  directions  corresponding  to  the  general 
directions  of  the  other  lines  around  the  polygon.  Then,  the  directions 
of  the  lines  ^/andy  a  (or  e  /'  and  /'  a)  will  be  the  directions  of  the 
forces  EO  and  FO,  respectively.  UFO  has  the  direction  e/\  then, 
FO  must  have  the  direction/ ^  ;  but,  \i  EO  has  the  direction  ef\  as 
indicated  by  the  line  E'  O,  then,  FO  must  have  the  direction  /'  a,  as 
indicated  by  the  line  F'  O.  Or,  if  the  center  for  the  larger  radius  had 
been  taken  at  a,  and  for  the  shorter  radius  at  e,  the  figure  enclosed  by 
dotted  lines  would  have  been  reversed,  as  indicated,  but  the  results 
would  have  been  the  same. 

1113*  Case  (^>— Example.— In  Fig.  220,  the  forces  A  O,  B  O, 
C  O,  and  D  O,  which  meet  at  the  common  point  O,  again  have  the 
values  40,  60,  30,  and  70  pounds,  respectively,  as  iii  Fig.  218.  Two  other 
forces,  designated  ^s  £  O  and  FO^  act  upon  the  point  0,    The  Unes  of 
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action  of  these  two  forces  are  the  lines  E  E'  and  F F\  but  neither  the 
magnitude  nor  the  sense  of  either  force  is  known.  It  is  desired  to  find 
the  magnitude  and  sense  of  the  two  forces  E  O  and  FO^  in  order  that 
they  may  be  in  equilibrium. 

Solution. — Draw  end  to  end  consecutively,  and  to  any  scale,  the 
lines  representing  the  known  forces  A  O,  B  Oy  C  Oy  and  D  Ot  2iS  a  b, 
b  c,  c  d,  and  d  e,  in  {d).  Through  e,  draw  a  line  of  indefinite  length 
parallel  to  E  E\  and  through  a,  draw  a  line  of  indefinite  length  paral- 
lel to  FF';  these  lines  will  intersect  at/.  Mark  arrow-heads  upon 
them  having  the  same  general  directions  around  the  polygon  as  the 
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lines  representing  the  known  forces.  Then,  the  line  ef  will  represent 
the  force  whose  line  of  action  is  E  E\  and  the  Wn^f  a  will  represent 
the  force  whose  line  of  action  is  F F' .  The  same  result  will  be 
obtained  if  the  line  parallel  \.o  E E'  \fy  drawn  through  a,  and  the  line 
representing  F  F'  is  drawn  through  e.  The  force  E  O  may  have  the 
position  E  O  or  O  E\  and  the  force  FO  may  have  the  position  FO  or 
OF'. 

The  geometrical  equation  or  force  polygon  for  the  last 
condition  {d)  is  very  valuable;  it  is  extensively  used  for 
determining  the  stresses  in  bridges,  roofs,  and  other  framed 
structures,  when  the  lines  of  action  of  the  two  unknown 
forces  are  7iot  parallel. 

1114.     Bow's  Notation. 

The  following  system  of  notation,  devised  by  Mr.  R.  H. 
Bow,  of  Edinburgh,  is  of  great  assistance  in  the  graphical 
solution  of  statical  problems: 

Illustration. — In  Fig.  221,  let  the  lines  represent  a  sys- 
tem of  forces  which  meet  at  a  common  point.  Instead  of 
being  designated  by  letters  written  at  the  ends  of  the  lines, 
d 
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they  are  designated  by  letters  placed  in  the  spaces  between 
the  lines.  Any  line  (or  force)  is  designated  by  the  two  let- 
ters between  which  it  is  situated.  For  instance,  the  vertical 
line  in  the  figure  is  designated  as  the  line  A  B^  the  hori- 
zontal line  as  the  line  B  C,  etc.  The  force  polygon  (^), 
Fig.  221,  is  drawn  in  the  same  manner  as  has  been  explained ; 
the  lines  are  designated  by  letters  placed  at  the  angles  or 
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ends  of  the  lines ;  and  the  line  designated  by  any  two  letters 
represents  the  same  force  as  that  represented  by  the  line 
that  is  designated  by  the  corresponding  letters  in  Fig.  221. 
Thus,  in  (^),  Fig.  221,  the  line  a  b  represents  the  same  force 
that  in  Fig.  221  is  represented  by  the  line  A  B,  the  line  b  c 
represents  the  same  force  as  the  line  B  C^c  d  the  same  force 
as  C  Dy  etc. 

This  very  convenient  method  of  notation  will  be  adopted ; 
small  letters  placed  at  the  angles  of  the  force  polygon  will 
designate  a  force  which  in  the  original  figure  or  frame  is 
designated  by  the  corresponding  capital  letters  placed  in  the 
spaces  and  between  which  the  line  is  situated.  In  the 
original  figure,  as  Fig.  221,  any  entire  space  not  crossed  by  a 
line  representing  a  force  will  be  designated  by  the  same  letter, 

1115*  Forces  in  a  Frame — External  and  Internal 
Forces. 

Illustration. — Fig.  222  represents  a  triangular  frame 
which  is  acted  upon  by  three  forces.  The  directions  of  the 
three  forces  are  known,  and  if  their  lines  of  action  were  pro- 
duced they  would  all  meet  at  the  common  point  0\  there- 
fore, they  are  concurring  forces.  (See  Art.  1095.)  The 
magnitude  of  one  force  {A  B)  is  known,  and  the  condition 
of  equilibrium  between  all  the  forces  is  assumed.  The 
forces  are  designated  by  Bow's  notation,  each  force  being 
designated  by  the  two  letters  between  which  the  line  is 
situated.  The  three  forces  which  act  upon  the  frame  are 
A  By  B  Dy  and  D  A\  2i%  these  forces  are  entirely  external  to 
the  frame  itself,  they  are  called  external  forces.  It  is 
evident  that  they  must  be  resisted  and  held  in  equilibrium 
by  forces  in  the  frame;  for  they  are  applied  at  different 
points,  and  equilibritim  between  them  can  only  be  produced 
by  means  of  forces  in  the  frame.  These  forces  in  the 
members  of  the  frame  are  called  internal  forces,  or 
stresses. 

The  lines  of  action  of  the  internal  forces  must  extend  in 
the  directions  of  the  members  B  C,  A  C,  and  C  D,  of  the 
frame.     Each  joint  (7,  ^,  and  S)  is  the  point  of  application 
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of  one  external  and  two  internal  forces.  The  lines  of  action 
of  all  the  forces  are  known,  and,  at  the  joint  i?,  the  magni- 
tude and  direction  of  the  external  force  A  B  {=  1,000  pounds) 
are  known.  By  beginning  with  this  known  force,  the  force 
polygon  for  the  forces  which  meet  at  this  joint  may  be 
drawn,  and  the  values  of  the  two  internal  forces  which  act 
upon  this  joint  may  be  determined.     As  each  internal  force 
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thus  determined  acts  equally  upon  two  joints,  one  force 
which  acts  upon  each  of  the  joints  1  and  2  becomes  known; 
therefore,  as  but  three  forces  act  upon  each  joint,  the  force 
polygon  may  be  drawn  for  each  of  those  joints  and  the 
remaining  forces  determined.  Thus  it  will  be  seen  that  by 
commencing  at  a  joint  at  which  not  more  than  two  forces 
which  meet  upon  it  are  unknown,  all  the  remaining  forces 
may  be  determined  by  drawing  the  force  polygons.  The 
manner  of  drawing  the  polygons  will  now  be  explained. 
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1 1 16«  Consider  first,  the  forces  which  act  upon  joint  2; 
draw^  d,  Fig.  222,  (rf),  parallel  to  the  direction  of  the  known 
force  A  B,  making  the  length  of  the  line  equal  to  that  force 
by  any  convenient  scale.  The  scale  used  in  the  figure  is 
400  pounds  to  the  inch  and  ^  ^  is  made  \%\^  =  2^^  inches 
long.  Having  thus  drawn  a  b^  draw  a  c  and  b  c  parallel, 
respectively,  to  A  C  and  B  C\  a  c  and  b  c  will  then  represent 
the  stresses  on  A  C  and  B  C^  respectively,  and,  with  their 
arrow-heads  properly  placed  (pointing  from  b  towards  r,  and 
from  c  towards  ^),  complete  the  polygon  for  joint  2.  The 
direction  of  the  arrow-heads  is  of  great  importance,  but  very 
simply  determined;  for  it  will  be  remembered  that  the 
arrow-heads  show  the  direction  in  which  a  pencil  must 
travel  around  the  polygon  from  ^,  through  b  and  r,  and 
back  to  a.  On  the  line  a  b^  the  direction  of  the  arrow-head 
is  given  by  the  known  direction  of  A  B,  and  is  placed  nearer 
by  the  latter  point  corresponding  to  joints,  which  is  the  point 
of  application  of  the  force  A  B,  On  the  line  b  r,  the  arrow- 
head must  point  from  b  towards  ^,  and  be  nearer  to  the  end 
c\  on  the  line  c  a^  the  arrow-head  must  point  towards,  and  be 
nearer  to,  the  end  a.  In  this  polygon^  the  arrow-head  in 
each  case  points  towards  the  shorter  portion  of  the  line, 
indicating  that  the  sense  of  the  force  (which  must  always 
correspond  to  the  direction  in  which  the  pencil  travels)  is  in 
each  case  towards  its  point  of  application  (joint  ^),  or,  in 
other  words,  indicating  that  each  force  pushes  against  the 
JQint.  Measuring  with  the  same  scale  used  for  a  b^  the  line 
^  r  =  544  pounds,  and  the  line  c  a=.  838  pounds. 

It  has  been  thus  found  that  the  force  m  B  C  pushes 
against  joint  2  an  amount  equal  to  544  pounds,  represented 
by  the  line  b  c;  but  the  member  B  C  simply  connects  joint 
2  with  joint  1\  it  is  attached  to  joints  2  and  1  only,  and  the 
internal  force  in  it  is  not  affected  by  any  other  force  except 
at  those  two  joints ;  it  simply  transfers  the  push  from  one 
joint  to  the  other.  Therefore,  the  force  in  B  C  must  push 
against  joint  1  the  same  amount  that  it  pushes  against  joint  2^ 
but  in  the  opposite  direction.  Hence,  the  line  b  c  (which 
represents  the  force  \n  B  C^  must  be  common  to  two  force 
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polygons,  but  in  the  polygon  for  joint  1  it  must  be  drawn  in 
the  direction  opposite  to  that  in  which  it  was  drawn  for 
joint  2.  As  shown  in  the  figure,  the  second  arrow-head 
marked  upon  it,  which  relates  to  its  sense  with  reference  to 
joint  i,  must  point  from  c  towards  b,  and  be  nearer  the  latter 
point,  which  in  the  new  polygon  corresponds  to  the  point  of 
application  of  the  force. 

For  joint  i,  draw  from  b  and  r,  the  lines  b  d  and  c  d 
parallel,  respectively,  to  B  D  and  C  D\  then  will  b  d  and 
c  d  represent  the  forces  B  D  and  C  Dy  respectively.  In 
going  over  the  polygon  to  mark  the  arrow-heads,  it  must 
be  remembered  that  the  starting  direction  is  from  c  towards 
by  and  then  through  d^  back  to  c.  The  direction  in  which 
the  pencil  must  travel  in  returning  to  the  starting  point 
c  indicates  that  the  external  force  B  D  pushes  against  joint 
i,  but  that  the  internal  force  D  C  pulls  away  from  the 
joint;  in  the  latter  case,  the  arrow-head  points  towards  the 
longer  portion  of  the  line.  Measuring  with  the  scale  used 
for  a  by  the  line  b  d=  338  pounds,  and  the  line  d c  =  296 
pounds. 

Now  consider  joint  S,  For  the  same  reasons  which  were 
given  in  regard  to  the  direction  in  which  the  internal 
force  B  C  {=  544  pounds)  acts  upon  joint  i,  the  internal 
force  A  C  {=  838  pounds)  is  known  to  act  upon  joint  3  in 
the  opposite  directicfn  from  that  in  which  it  acts  upon  joint 
2y  and  the  internal  force  CZ>(=296  pounds)  to  act  upon 
joint  3  in  the  opposite  direction  to  that  in  which  it  acts 
upon  joint  1.  Therefore,  in  constructing  the  polygon 
for  joint  5,  mark  additional  arrow-heads  ona  c  and  c  d,  near 
the  opposite  ends  of  the  lines  and  pointing  in  the  oppo- 
site directions  from  those  that  have  been  marked  for  joints 
1  and  2y  and  draw  d  a,  marking  its  arrow-head  to  cor- 
respond with  the  new  or  reversed  arrow-heads  marked  on 
a  c  and  c  d.  The  line  d  a  represents  the  force  D  Ay  and 
its  arrow-head  indicates  that  D  A  pushes  against  joint  3. 
By  scaling  ^  a  it  is  found  to  equal  720  pounds.  If  the 
operations  have  been  properly  done,  d  a  will  be  parallel 
to  D  A, 
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1117.  It  will  be  noticed  that  in  (rf),  Fig.  222,  each  line 
which  represents  the  internal  force,  or  stress,  in  a  member 
of  the  frame  has  two  arrow-heads  marked  upon  it.  If  these 
arrow-heads  have  been  marked  in  accordance  with  the  in- 
structions previously  given  (see  also  Art.  1103),  they  will 
in  each  case  indicate  whether  the  stress  represented  by  the 
line  upon  which  they  are  marked  is  compression  (push) 
or  tension  (pull).  If  on  any  line  of  a  force  polygon,  the 
two  arrow-heads  point  away  from  each  other,  such  relative 
directions  indicate  that  the  internal  force  or  stress  in  the 
member  is  compression ;  but  if  the  arrow-heads  point  towards 
each  other,  then  tension  is  indicated.  Thus,  in  Fig.  222  and 
in  (rf),  Fig.  222,  the  stresses  in  the  members  A  C  and  B  C, 
which  are  represented  by  the  lines  a  c  and  b  r,  are  compres- 
sion, for  the  arrow-heads  on  each  of  these  lines  point  away 
from  each  other,  while  the  arrow-heads  upon  the  line  c  d, 
which  represents  the  stress  in  the  member  C  D^  indicate 
that  the  stress  in  that  member  is  Campreaaion 
tension,  because  they  point  towards 

each  other.  -^  Tension  ^ 

The    relative    positions    of    the  ^®'  **• 

arrow-heads  to  denote  tension  or  compression  are  shown  in 
Fig.  223. 

1118.  When  the  directions  of  the  forces  which  act  upon 
a  body  are  towards  each  other,  their  combined  action  tends 
to  shorten  or  compress  the  body ;  this  character  of  stress  is 
called  compressive  stress,  or  compression.  It  is  evi- 
dent that  the  forces  of  the  body  which  resist  compression 
must  act  outwards  or  away  from  each  other,  as  indicated  by 
the  arrow-heads  upon  the  line  which  denotes  compression 
in  Fig.  223. 

When  the  forces  which  act  upon  a  body  are  exerted  in 
directions  away  from  each  other,  tending  to  elongate  or 
stretch  the  body,  this  character  of  the  stress  is  called 
tensile  stress,  or  tension.  It  is  also  evident  that  the 
forces  in  the  body  which  resist  tension  must  act  inwards 
or  towards  each  other,  as  indicated  by  the  arrow-heads  upon 
the  line  denoting  tension  in  Fig.  '4Zb, 
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The  subject  of  stresses  will  be  more  fully  treated  in  con- 
nection with  Strength  of  Materials. 

11 19.  A  system  of  force  polygons,  as  (d),  Fig.  222, 
for  determining  the  forces  in  a  frame,  is  called  a  stress 
dlasram  ;  it  determines  the  relative  values  of  the  internal 
forces,  or  stresses,  in  the  several  members  of  the  frame. 

1 1 20«  A  frame  which  is  constructed  for  the  purpose  of 
resisting  the  action  of  force  by  transferring  it  from  one 
position  to  another  is  called  a  truss. 

Illustration. — Fig.  224  represents  a  form  of  truss  that 
is  sometimes  built;  it  supports  at  the  center  a  load  of  3,000 
pounds,  represented  by  the  line  B  F.     But  the  truss  can 
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not  support  a  load  without  being  itself  supported  by  other 
external  forces  balancing  the  load;  for  the  office  of  the 
truss  is  simply  to  transfer  the  effect  of  the  load  from  its 
position  at  the  joint  *^  to  the  supporting  forces  A  B  at 
joint  i,  and  F  A  a.t  joint  6.  As  the  load  is  midway  between 
these  supporting  forces,  it  is  transferred  to,  and  supported 
by,  the  forces  A  B  and  F  A  in  equal  portions;  that  is, 
A  B=  FA  =1^^ 7^=  1,500 pounds,  and^  B  +  FA  =  1,500 
+  1,500  =  3,000  pounds  =  B  F,  The  subject  of  supporting 
forces  will  be  noticed  further  along.  The  weight  of  the 
frame   itself    will   be    neglected  in   this  case;    the  stress 


Digitized  by  CjOOQIC 


ELEMENTARY  GRAPHICAL  STATICS.       505 

diagram  will  be  drawn  for  the  forces  referring  to  the  load 
only.  For  clearness,  several  letters  A  are  written  in  Fig. 
224;  they  all  designate  the  same  space.  Since  in  the  stress 
diagram  each  force  polygon  is  drawn  in  succession  for  the 
forces  which  meet  at  a  joint  of  the  frame,  the  forces  are  in 
each  case  treated  as  concurring  forces.  The  diagram  (^), 
Fig.  224,  is  the  stress  diagram  for  the  frame  here  con- 
sidered. In  drawing  the  stress  diagram,  it  is  necessary  to 
begin  at  a  joint  at  which  not  more  than  two  quantities  are 
unknown,  with  reference  to  the  forces  which  meet  at  that 
joint  (Art.  1 109).  At  joint  i,  three  forces  meet;  namely, 
the  supporting  force  A  B  and  the  internal  forces  in  the 
two  members  of  the  frame  which  connect  at  this  joint,  B  C 
and  C  A,  The  directions  of  all  three  forces  are  known, 
and  the  magnitude  of  one  force  (the  supporting  force 
A  B)  is  known;  therefore,  at  this  joint  but  two  quantities 
are  unknown  (the  magnitudes  of  the  internal  forces  in 
B  C  and  C  A)^  and  the  stress  diagram  may  be  begun  by 
drawing  the  force  polygon  for  the  forces  which  meet 
at  joint  i. 

Draw  a  b,  Fig.  224,  (^),  parallel  to  the  direction  of  the 
supporting  force  A  B^  and  equal  to  that  force,  to  any  con- 
venient scale.  In  (^),  Fig.  224,  a  scale  of  2,000  pounds  to  the 
inch  is  used;  therefore,  ^  ^  =  f^g^g  =  0.75  inch.  In  order 
that  a  b  may  have  the  same  sense  as  the  supporting  force 
A  B,  it  must  be  drawn  upwards  from  a  to  ^,  parallel  to  A  B. 
From  b  the  "pencil  must  be  returned  to  the  starting  point  a,  by 
lines  drawn  parallel  to  the  lines  of  action  of  the  two  remain- 
ing forces  which  act  upon  this  joint,  or  parallel  to  B  Cand 
C  A,  The  lines  ^  r  and  ca  are  such  lines;  the  pencil  can 
travel  from  b  to  c  and  from  c  to  the  starting  point  ^,  thus 
passing  completely  around  the  force  polygon  a  bca  without 
being  raised  from  the  paper.  It  is  of  course  not  expedient 
to  do  this  in  the  actual  operation  of  drawing  the  lines ;  the 
line  ^  ^  is  drawn  equal  and  parallel  to  A  B;  then,  through 
b,  a  line  of  indefinite  length  is  drawn  parallel  to  B  C,  and 
through  a,  a  line  of  indefinite  length  is  drawn  parallel  to 
A  C\   these   two  lines  must   be  so  drawn  that   they  will 
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intersect,  and  their  intersection  will  be  the  point  c,  (Arts. 
1113  and  111  6.)  When  the  lines  are  thus  drawn,  and  the 
arrow  head  on  ^  ^  marked,  the  arrow-heads  on  b  ^and  c  a  are 
placed  in  the  direction  in  which  the  pencil  travels  in  moving 
around  the  polygon  from  a  to  ^,  then  to  r,  and  back  to  a, 
(3ee  also  Art.  1103.)  The  direction  in  which  the  pencil 
travels  along  each  line  will  represent  the  sense  of  each 
respective  force  with  reference  to  the  joint  for  which  the 
polygon  is  drawn.  Hereafter,  half  arrow-heads  wfll  usually  be 
marked  upon  lines  which  represent  external  forces,  as  A  B^ 
B  F^  and  F  A^  acting  upon  a  truss  or  frame  work,  to  distin- 
guish them  from  the  internal  forces,  or  stresses,  in  the 
members  which  will  be  designated  by  full  arrow-heads.  The 
arrow-head  on  the  line  a  b  \^  marked  nearer  the  upper  end  b^ 
because  the  joint  7,  which  is  the  point  of  application  of  the 
supporting  force  A  B^  is  at  the  upper  end  of  the  line  which 
represents  that  force;  on  the  line  b  r,  the  arrow-head  is 
marked  nearer  the  left  end  b^  because  joint  7,  the  point  of 
application  of  the  force,  is  at  the  left  end  of  the  line  B  C; 
on  the  line  c  a^  the  arrow-head  is  marked  nearer  the  lower 
end  a,  because  joint  7,  for  which  the  polygon  is  drawn,  is  at 
the  lower  end  of  the  line  C  A.  It  is  found  that  the  force  in 
B  C  is  exerted  in  a  direction  away  from  joint  i,  while  the 
force  in  C  ^  is  exerted  towards  it.  Measuring  with  the  scale 
used  for  a  b^  the  line  ^  r  is  found  to  equal  1,500  pounds,  and 
the  line  c  a  \.o  equal  2,120  pounds.  Had  the  scale  been 
sufficiently  large  and  the  work  been  done  with  sufficient  care, 
so  that  exceedingly  accurate  results  had  been  obtained,  it 
would  have  been  found  that  the  force  in  C  A^  or  line  r  ^, 
equals  2,121.3  pounds.  Such  degree  of  accuracy,  however, 
is  seldom  necessary. 

Next  consider  the  forces  which  act  upon  joint  2\  Three 
forces  meet  at  this  point ;  the  lines  of  action  of  all  three  forces 
are  known,  for  they  act  in  the  three  members  of  the  truss 
which  meet  at  this  joint;  the  magnitude  and  sense  of  one 
force  (the  stress  in  A  C,  represented  by  the  line  c  a)  have 
been  found.  As  the  force  in  A  C  was  found  to  push  against 
joint  i,   it  must  also  push  against  joint  ^,  for  it  simply 
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transfers  the  push  from  one  joint  to  the  other;  it  is  evident 
that  it  must  push  against  joint  2  in  the  opposite  direction 
from  which  it  pushes  against  joint  1. 

Therefore,  mark  an  additional  arrow-head  on  the  opposite 
end  of  a  r,  pointing  in  the  opposite  direction ;  from  a  draw 
^^ parallel  to  A  A  and  from  c  draw  r^ parallel  to  CD; 
mark  the  arrow-heads  as  usual,  starting  in  the  direction  of 
the  new  arrow-head  marked  on  a  c,  and  this  will  complete 
the  diagram  for  joint  2.  The  line  c  d  scales  2,120  pounds 
and  da  3,000  pounds. 

For  joint  ^  mark  an  arrow-head  on  a  ^,  in  a  reversed 
position  and  direction,  and  draw  a  e  and  d  e  parallel  to 
A  E  and  D  E,  respectively.  Mark  the  arrow-heads  as  in 
the  preceding  cases.  The  lines  a  e  and  d  e  are  found  to  be 
each  equal  to  2,120  pounds. 

For  joint  5,  the  force  in  A  £has  just  been  found;  it  equals 
e  a  =  2,120  pounds.  Mark  an  arrow-head  in  a  reversed  posi- 
tion and  direction  on  ^  ^;  draw  a  f  and  e  f  parallel  to 
A  F  and  E  F,  respectively,  and  maj*k  arrow-heads  as 
usual.  The  line  ^/=  1,500  pounds,  and/^i  =  1,500  pounds  = 
^  bf=  a  by  as  it  should.  It  is  seen  that  the  value  of  /  ^, 
as  found  from  the  diagram,  must  equal  the  supporting 
force  F  Ay  already  known.  This  is  a  good  check  upon  the 
work. 

The  five  forces  in  the  members  which  meet  at  joint 
S  have  all  been  determined  in  the  polygons  for  the  joints 
i,  2y  Jfy  and  5,  but  in  order  that  the  stress  diagram  shall 
be  in  every  way  complete,  it  will  be  necessary  to  consider 
these  forces  with  reference  to  the  joint  3.  As  each  force  is 
known,  it  will  make  no  difference  which  is  taken  first. 
Start  with  any  force,  as  the  load  B  F\  this  force  is  equal  in 
amount  to  the  sum  of  the  supporting  forces  A  B  and 
F  Ay  but  must  have  the  opposite  direction,  i.  e.,  it  is  ex- 
erted downwards,  while  the  supporting  forces  are  exerted 
upwards.  Therefore,  beginning  at  b  in  the  stress  diagram, 
pass  downwards  over  the  line  b  fy  which  is  equal  in  amount, 
but  opposite  in  sense,  to  the  sum  of  the  lines/"^  and  a  by  and 
mark  arrow-heads  in  reversed  positions  and  directions  on 
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f  e^  e  d^  d  c,  and  c  b,  returning  to  the  starting  point  ^,  for 
the  force  in  each  of  the  members  which  meet  at  the  joint 
3  must  act  upon  this  joint  in  a  direction  opposite  to  that  in 
which  it  is  exerted  upon  the  joint  at  the  opposite  end  of 
the  member.  The  reversed  arrow-heads  will  indicate  the 
sense  of  the  forces  with  reference  to  joint  3. 

After  the  forces  which  act  on  joint  2  had  been  found, 
joint  3  might  have  been  considered  instead  of  joint  4,  since 
the  directions  of  all  of  the  five  forces  which  act  at  3  are 
known,  and  only  the  two  forces  D  E  and  E  F  are  unknown. 
(Art.  1113.) 

If  the  arrows  have  been  properly  marked  upon  the  lines, 
they  will,  by  comparison  with  Fig.  223,  indicate  the  charac- 
ter of  the  stress  in  each  member  of  the  truss,  that  is,  whether 
the  stress  is  tension  or  compression.  It  is  found  that  the 
members  A  Cy  A  D,  and  A  E  are  in  compression,  while  the 
members  B  C,  C  D,  D  E,  and  E  F  are  in  tension.  The 
stress  ac  =  cd=de  =  ea  =  '^,  120  pounds ;  the  stress  ^  r  = 
/r=  1,500  pounds,  and  the  stress  a  ^=3,000  pounds 
=  bc+fe. 

1121.  In  {d),  Fig.  224,  the  line  b  /,  which  represents 
the  load,  is  called  the  load  line.  In  drawing  the  stress 
diagram,  the  load  line  is  usually  drawn  first  and  the  loads 
laid  off  upon  it. 

NON-CONCURRING   FORCES. 

1 1 22.  Thus  far  force  has  been  considered  with  refer- 
ence to  its  direct  action  only,  and,  therefore,  its  treatment 
has  been  limited  to  concurring  forces.  Before  treating  of 
non-concurring  forces  the  subject  of  moments  must  be 
explained. 

A  force  can  act  in  two  ways:  it  can  either  produce  a 
motion  of  translation,  that  is,  cause  all  points  of  the  body 
acted  upon  to  move  in  parallel  straight  lines;  or  it  can  pro- 
duce a  motion  of  rotation,  that  is,  turn  the  body.  A 
mioment  measures  the  capacity  of  a  force  to  produce 
rotation. 
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1123*     The  moment  of  a  force  about  a  point  is  the 
product  of  the  magnitude  of  the  force  by  the  perpendicular 
distance  from  the  point  to  the  line  of 
action  of  the  force.     (See  Art.  906*)  — £- — 3 

Thus,  in  Fig.  225,  the  moment  of  the 
force  F  about  the  point  O  equals  F  L 

1 1 24.  The  following  principles  are 
of  great  importance,  and  should  be 
thoroughly  understood: 

(a)  A  moment  always  implies  a  ten- 
dency  to   rotation;    if  it  is  unresisted,  ^' 

rotation  occurs.  /*^'  ** 

{b)  The  point  about  which  the  moment  is  taken ^  i.  e,,  the 
point  about  which  rotation  would  occur  under  the  action  of  the 
force,  is  variously  known  as  the  origin  of  moments,  the 
center  of  moments,  and  the  center  of  rotation.  The  last 
name  will  here  be  used.  In  Fig.  225,  the  point  O  is  the 
center  of  rotation  of  the  moment  F  I. 

{c)  The  lever  arm  of  a  moment  is  the  perpendicular  dis- 
tance from  the  center  of  rotation  to  the  line  of  actioji  of  the 
force.     In  Fig.  225,  /  is  the  lever  arm  of  the  moment  F  I. 

{d)  The  moment  of  a  force  about  a  point  depends  upon 
the  lever  arm  and  the  magnitude  of  the  force  ottly;  it  is 
independent  of  the  point  of  application  of  the  force. 

Illustration. — In  Fig.  226,  the  force  F  might  really  act 
at  P  upon  the  material  lever  P  O,  which  is  inclined  to  the 
line   of   action   A    B    of.   the    force. 
^^  But,    according     to     Art.     1095, 
any  point  in  the  line  of  action  of  the 
force  may  be  considered  as  its  point 
of  application ;  the  point  of  applica- 
tion should  always  be  considered  to 
be  such  a  point  in  the  line  of  action, 
as  P\  that  the  lever  arm  O  P'  will 
be  perpendicular  to  the  line  of  ac- 
^°-  *^'  tion.     The  inclined  lever  arm  might 

have  any  inclination,  and,  therefore,   any  length  between 
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the  same  line  of  action  and  center  of  rotation,  but  the  per- 
pendicular lever  arm  can  have  but  one  length ;  the  force, 
if  applied  to  the  perpendicular  lever  at  P\  will  have  the 
same  rotative  effect  as  if  applied  at  P  or  upon  any  inclined 
lever. 

1 1 25.  The  amount^  magnitude,  or  numerical  value  of  a 
moment  is  the  measure  of  the  rotative  effect  of  the  force  at 
the  center  of  rotation,  or,  as  said  above  (Art.  1122),  of  the 
capacity  of  the  force  to  produce  rotation  about  a  given  point. 

It  is  the  product  of  the  magnitude  of  the  force  (in  pounds 
or  tons)  by  the  length  of  the  perpendicular  lever  (in  inches 
or  feet),  and  is,  therefore,  usually  expressed  in  foot-tons, 
foot-pounds,  inch-tons,  or  inch-pounds. 

In  Fig.  226,  if  /^  =  the  force  and  /  =  the  lever  arm,  the 
moment  =  F  l\  or,  if  F  =  10  pounds  and  /=  20  inches,  the 
moment  =  10  X  20  =  200  inch-pounds." 

Either  the  inch-pound  or  the  foot-pound  will  here  be 
used  as  the  unit  of  moments,  according  to  the  convenience 
of  each  special  case.  When  the  inch-pound  is  used,  it  rep- 
resents the  effect  of  a  force  of  one  pound  acting  upon  a 
lever  arm  of  one  inch ;  and  when  the  foot-pound  is  used  as 
the  unit  of  moments,  it  represents  the  effect  of  a  force  of 
one  pound  acting  upon  a  lever  arm  of  one  foot.  To  re- 
duce inch-pounds  to  foot-pounds,  divide  by  12,  To  reduce 
foot-pounds  to  inch-pounds,  multiply  by  12, 

Note. — In  Mechanics,  the  term  "foot-pound"  is  used  in  a  very  dif- 
ferent sense ;  namely,  the  work  performed  in  lifting  a  weight  of  one 
pound  through  a  height  of  one  toot.  The  two  meanings  of  the  term 
should  not  be  confused.  In  one  case,  it  is  the  unit  of  work,  and,  in  the 
other  the  unit  of  rotative  effect. 

1 126«  The  direction  of  a  moment  is  said  to  be  to  the 
right  if  its  tendency  is  to  cause  rotation  in  a  direction 
corresponding  to  the  movement  of  the  hands  of  a  clock, 
and  to  the  left  if  it  tends  to  cause  rotation  in  the  opposite 
direction.  Thus,  in  Fig.  225,  the  direction  of  the  moment 
is  to  the  right,  while  in  Fig.  226,  the  direction  of  the 
moment  is  to  the  left. 
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11 27.  A  moment  will  here  be  considered  as  positive 
when  it  tends  to  produce  rotation  to  the  right ^  and  as  nega- 
tive when  it  tends  to  cause  rotation  to  the  left.  Thus, 
the  moment  of  the  force  in  Fig.  225  is  positive ;  that  of  the 
force  in  Fig.  226,  negative. 

In  computations,  positive  moments  are  designated  by 
the  +  and  negative  moments  by  the  —  sign.  In  Fig.  225, 
the  moment  is  +  Z*  /,  or  simply  F I  (+ sign  being  under- 
stood) ;  but,  in  Fig.  226,  the  moment  is  —  F  /, 

1128.  T/ie  moment  of  a  force  about  any  point  in  its  line 
of  action  is  zero^  for  the  lever  arm  of  a  moment  is  the 
perpendicular  distance  from  the  center  of  rotation  to  the 
line  of  action  of  the  force;  and,  if  this  distance  is  zero,  as 
in  this  case,  then  the  moment  of  the  force  F  will  be  -F  X 
0  =  0. 

1 1 29.  For  the  existence  of  an  effective  moment  two  forces 
are  necessary :  one,  which  we  may  call  the  applied  force  (as  F 
in  Figs.  225  and  226),  tending  to  produce  rotation;  and  an- 
other, which  is  of  the  nature  of  a  resistance,  acting  at  the 
center  of  rotation,  equal  in  amount,  but  opposite  in  direc- 
tion, to  the  applied  force.  The  effect  of  the  latter  is  to  fix  the 
center  of  rotation,  zvhich  would  otherwise  be  moved. 

Illustrations. — {a)  Fig.  227  illustrates  a  very  simple 
example  of  a  moment;  it  represents  a  stick  standing  on 
end.  If  a  steady  horizontal 
force  F,  just  sufficient  to  tip 
the  stick,  is  applied  to  its 
upper  end,  the  stick  will  ro- 
tate about  0\  that  is,  it  will 
fall  over,  the  top  moving  in 
the  direction  of  the  dotted 
line,  while  the  bottom  re- 
mains at  O.  When  the  force 
F  is  applied  to  the  top  of  the  fig.  227. 

stick,  an  exactly  equal  and  opposite  force  F'  is  incited  at 
the  bottom ;  for,  were  it  not  for  the  force  F',  the  stick  would 
not  rotate  about  O,  but  would  simply  slide  along  towards  the 
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left,  the  point  O  (center  of  rotation)  not  being  fixed,  the 
motion  would  be  one  of  translation,  not  of  rotation.  The 
force  F\  in  this  case,  is  the  friction  between  the  end  of  the 
stick  and  the  body  on  which  it  rests. 

{b)  Fig.  228  represents  a  shorter  stick  or  block  which 
can  not  be  so  easily  tipped.  If  it 
rests  on  smooth,  slippery  ice,  and 
a  steady  horizontal  force  F  is  ap- 
plied to  the  top,  it  will  slide  along 
on  the  ice  and  rotation  will  not  oc- 
cur. But,  if  it  rests  on  some  sub- 
stance which  will  offer  considerable 
frictional  resistance,  this  resistance 
becomes  an  equal  and  opposite 
Fig.  228.  force,    F\   and    the  block  will  not 

slide,  but  tip  over;  or,  in  other  words,  a  moment  will  be 
formed  and  rotation  will  take  place. 

1 1 30.  Wheft  two  equal  and  opposite  forces  act  at  differ- 
ent points^  thus  tending  to  cause  rotation^  the  combination  is 
called  a  statical  couple.     (See  Arts.  907  to  909.) 

The  lever  arm  of  a  couple  is  the  perpendicular  distance 
betzveen  the  forces. 

The  moment  of  a  couple  is  the  product  of  either  of.  the 
equal  forces  by  the  lever  arm.  The  intersection  of  the  line 
of  action  of  either  force  with  the  common  lever  arm  may 
be  regarded  as  the  center  of  rotation,  and  the  moment  of 
the  couple  as  the  moment  of  the  other  force  about  that 
center. 

Illustration. — Thus,  in  the  couple  represented  in  Fig. 
229,  the  forces  F  and  F'  are  equal,  and  act  at  the  opposite 
ends  of  the  same  lever  arm  /.  The  moment  of  the  couple 
is  either  F  I  or  F'  I;  for,  as  indicated  in  the  figure,  the 
force  F  tends  to  cause  rotation  about  the  point  (?,  while  F' 
also  tends  to  cause  rotation  about  (9,  and  as  (9  is  a  point 
midway  between  the  two  forces,  the  moment  oi  F=  Fx  ^Z, 
and  the  moment  oi  F'  =  F'  x  i  l-  As  the  forces  are  equal 
and  have  equal  lever  arms,  the  combined  moment  of  the  two 
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forces  equals  |  F/  +  ^F' /=  F/  =  F' /=  the   product  of 

either  force  by  the  lever  arm.     If,  then,   either  force  of  a 

couple  be  considered  as  tending  to  cause 

rotation  about  the  point  of  application 

of  the  second  force,  and  the  effect  of  the 

second  force  is  ignored,  the  result  thus 

obtained  will  be  the  same  as  if  the  center 

of  rotation  were  taken  between  the  two 

forces,  and  the  moments  of  the  two  forces 

taken   about   that   center.     In   general, 

an}^  point  in  the  plane  of  a  couple  may  be 

taken  as  the  center  of  rotation.     For,  if 

through   that  point  a  perpendicular  be 

drawn  to  the  common  direction  of  the  forces,  the  algebraic 

sum   of  the   moments  of   the  forces  about  that  point  will 

always  be  equal  to  the  constant  product  F  L 

1 1 3 1  •  The  effect  of  a  statical  couple^  and  the  only  effect^ 
is  tendency  to  cause  rotation. 

Illustration. —  A  good  illustration  of  a  statical  couple 
is  the  pulley  by  which  a  line  of  shafting  is  driven  by  a  belt, 

Fig.  230.  By  means  of  the  belt  a 
force  F  is  continually  applied  to 
the  rim  of  the  pulley,  causing  it  to 
rotate.  Another  force  F'  must  be 
continually  applied  to  the  axis  of 
the  pulley  by  means  of  the  journal, 
or  the  pulley  would  be  drawn  from 
Fig-  280-  its  position  by  the  belt.     The  mo- 

ment at  the  axis  or  center  of  rotation,  i.  e.,  the  measure  of 
the  effect  of  the  applied  force  on  the  shaft,  is  equal  to  the 
force  F  (pull  of  the  belt)  multiplied  by  the  radius  of  the 
pulley. 

1132«  When  rotation  does  not  occur  as  the  effect  of  a 
couple^  then  the  moment  of  the  couple  is  balanced  by  the  oppo- 
site moment  of  a  second  couple^  and  the  forces  are  thus  held 
in  equilibrium,  A  couple  can  not  be  balanced  by  a  single 
force. 
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Illustration. — Suppose,  in  Fig.  231,  that  A  C  is  a  lever 
30  inches  long,  having  a  fulcrum  at  B^  10  inches  from  A,' 

If  a  weight  is  sus- 
pended from  C\  it  will 
cause  the  bar  to 
rotate  about  B  in  the 
direction  of  the 
24  lb*  12  lb*     arrow.    A  weight  sus- 

FiG.  281.  pended  from  A   will 

cause  it  to  revolve  in  the  opposite  direction,  as  indicated  by 
the  arrow.  Suppose,  for  simplicity,  that  the  bar  itself 
weighs  nothing.  If  equal  weights  of  12  pounds  are  hung  at 
A  and  C,  it  is  evident  that  the  bar  will  revolve  in  the  direc- 
tion of  the  arrow  at  C,  on  account  of  the  arm  B  C  being 
longer  than  the  arm  A  B.  Let  the  weight  at  A  be  in- 
creased until  it  equals  24  pounds;  the  bar  will  then  balance 
exactly,  and  any  additional  weight  at  A  will  cause  the  bar 
to  rotate  in  the  opposite  direction,  as  shown  by  the  arrow  at 
that  point.  When  the  lever  is  balanced,  i.  e.,  when  the 
forces  are  in  equilibrium,  it  will  be  found  that  24  X  10  = 
12  X  20,  or,  considering  B  as  the  center  of  rotation,  24  X 
perpendicular  distance  A  B  =  12  X  perpendicular  dis- 
tance B  C.  In  other  words,  the  moment  of  W  about  B 
must  equal  the  moment  of  P  about  B,  Further,  P  tends  to 
cause  rotation  in  the  direction  in  which  the  hands  of  a 
watch  move,  and  is  positive,  or  + ;  W  tends  to  cause  ro- 
tation in  an  opposite  direction,  and  is  negative,  or—. 
Adding  the  two  algebraically,  Px  B  C+(—  W X  A  B) — 
Px  B  C  ^  IV  X  A  B  =  0,  since  the  two  moments  are 
equal. 

1 1 33.  When  the  moments  of  several  forces  are  taken 
about  the  same  point  or  center,  the  algebraic  sum  of  all  the 
moments  is  the  resultant  moment  of  the  forces  about 
that  point. 

In  other  words,  the  resultant  (effective)  moment  at  any 
point  is  the  arithmetric  difference  between  the  sum  of  the 
(positive)  moments  which  tend  to  cause  rotation  to  the  right, 
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and  the  sum  of  the  (negative)  moments  which  tend  to  cause 
rotation  to  the  left  about  the  point. 

In  Fig.  231,  the  positive  and  negative  moments  were  found 
to  balance,  leaving  no  resultant  moment  when  the  moments 
of  all  the  forces  were  considered.  In  such  cases  the  alge- 
braic sum  of  all  the  moments  about  a  point  is  zero. 

Illustration. — In  Fig.  232  the  moment  of  the  force  at  a 
about  the  point  b  =  400  X 
25  =  10,000    foot-pounds 
to  the  right,  or  positive. 
The  positive  moment  of  ^ 

the  same  force  about  the 
point  ^=400X50=20,000 
foot-pounds,  while  the 
negative  moment  of  the 
force  at  d  about  the  same  o 
point  =  400  X  25=10,000  > 
foot-pounds;      therefore,  fig.  282. 

the  resultant  moment  at  c  from  the  forces  at  the  left  of  that 
point  =  20,000  —  10,000  =  10,000  foot-pounds  to  the  right, 
or  positive. 

Example. — What  is  the  resultant  moment  at  </,  Fig.  282  ? 

Solution. — The  positive  moment  of  the  supporting  force  at  a=iO0x 
75  =  80,000  foot-pounds ;  the  negative  moment  of  the  load  at  ^  =  400  X 
60  =  20,000  foot-pounds;  and  the  negative  moment  of  the  load  at  r  = 
400x25=10,000  foot-pounds.  The  resultant  moment=80,000— 20,000- 
10,000  =  0. 

1 1 34.  ///  anjf  structure^  it  is  a  fiecessary  condition  of 
equilibrium  that  the  moments  of  all  the  forces  about  any  point 
should  balance;  in  other  words^  the  algebraic  sum  of  the  mo- 
ments of  all  the  forces  about  any  point  must  equal  zero. 

If,  at  any  point  the  moments  did  not  balance,  the  struc- 
ture, or  some  part  of  it,  would  rotate  about  that  point,  that 
is,  it  would  be  overturned,  as  when  a  dam  is  pushed  down 
by  the  pressure  of  the  water.  But,  as  the  structure,  or  any 
part  of  it,  does  not  rotate,  the  moments  of  all  the  forces 
which  act  upon  it  must  be  balanced  at  every  point. 
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1135.  In  any  structure^  the  algebraic  sum  of  the  mo- 
ments of  all  the  external  forces  about  any  point  must  equal 
zero. 

As  the  moments  of  the  internal  forces  simply  tend  to  keep 
the  structure  intact  by  resisting  any  tendency  to  rupture  or 
distortion  of  the  structure  itself,  and  act  entirely  within  the 
structure,  they  can  not  prevent  the  structure  as  a  whole 
from  rotating  about  any  point.  The  entire  structure  would, 
therefore,  rotate  if  the  moments  of  the  external  forces, 
which  always  tend  to  cause  rotation,  did  not  balance  about 
every  point. 

Illustration. — It  was  found  that  the  resultant  moment 
of  the  external  forces  at  the  left  of  the  point  c,  Fig.  232, 
about  that  point  =  10,000  foot-pounds  (positive).  But  the 
external  force  at  d  was  not  considered ;  the  moment  of  this 
force  about  r  is  —  400  x  25  =  —  10,000  foot-pounds  (nega- 
tive). Therefore,  the  resultant  moment  of  all  the  external 
forces  about  the  point  c  is  10,000  —  10,000  =  0. 

1136.  ///  a  structure^  the  resultant  moment  of  the  exter- 
7ial  forces  on  either  side  of  any  point  is  called  the  bending 
moment  at  that  point. 

The  bending  moment  is  usually  designated  by  the  letter 
Af,  In  computing  the  bending  moment  at  any  point,  it  is 
customary  to  consider  the  forces  at  the  left  of  it ;  this  custom 
will  always  be  followed  except  when  otherwise  stated.  Thus, 
at  the  point  c  in  Fig.  232,  M  =  400  X  50  -  400  X  25  = 
20,000  —  10,000  =  10,000  foot-pounds.  The  bending  moment 
is  the  moment  which  causes  bending  stresses  in  a  structure, 
and  which  at  every  point  in  the  structure  must  be  balanced 
or  resisted  by  the  moments  of  those  stresses. 

1 1 37.  The  moment  of  the  internal  forces  or  stresses^  which 
at  any  point  in  a  structure  resists  the  bending  moment^  is 
called  the  resisting:  moment. 

Note. — The  term  resistinjQ^  moment,  as  used  here  in  a  general 
sense,  must  not  be  confused  with  the  term  moment  of  resist- 
ance employed  to  designate  the  resisting  moment  of  solid  beams. 
The  latter  term  relates  to  the  Strength  of  Materials,  and  will  be 
studied  in  connection  with  that  subject. 
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1138.  A I  every  point  in  the  structure^  the  resisting 
moment  must  equal  the  bending  moment. 

When  in  a  structure  the  moments  of  the  external  forces 
at  one  side  of  any  point  do  not  balance,  but  must  be  bal- 
anced by  the  moments  of  forces  on  the  opposite  side  of  the 
point,  as  in  Fig.  231,  it  is  evident  that  the  opposing  moments 
on  the  opposite  sides  of  the  point  tend  to  bend  the  structure 
about  the  point.  If  the  structure  offered  no  resistance  to 
this  bending,  it  would  close  up  like  a  jack-knife.  The  resist- 
ing moment  of  the  internal  forces  at  each  point  in  the  struc- 
ture must  be  sufficient  to  resist  the  effect  of  the  opposing 
moments,  or  the  bending  moment  of  the  external  forces  on 
the  opposite  sides  of  the  point. 

Illustration. — In  Fig.  233,  the  forces /"  and  C  represent 
portions  of  a  load  situated  at  the  center  of  a  beam ;  the  load 
is,  for  clearness,  represent- 
ed as  though  divided.  A  F 
portion  of  the  load  (the 
force  F)  forms  a  couple 
with  the  supporting  force 
-P,  while  the  other  portion 
(the  force  G)  forms  a 
couple  with  the  supporting 
force  G',  The  tendency 
of  these  two  couples  is  to  p^  q^ 
cause  rotation,  either  ^'^-  ^^* 
about  the  point  of  application  of  the  combined  forces  -Fand  G, 
or  about  the  points  of  application  of  the  supporting  forces  F^ 
and  G^.  But  the  two  halves  of  the  beam  do  not  rotate  about 
the  points  of  application  of  either  the  supporting  forces  or  the 
load,  because  the  moments  of  the  couple  formed  by  these 
(external)  forces  are  resisted  and  equilibrated  by  the  oppo- 
site moments  of  the  couple  formed  by  the  internal  forces  of 
the  beam  c  and  /.  These  internal  forces  are  compressive 
stress  in  the  upper  portion  of  the  beam,  and  tensile  stress  in 
the  lower  portion,  as  indicated  in  the  figure;  their  moments 
resist  the  moments  of  the  external  forces,  and  preserve  the 
form  of  the  beam. 
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1139*  The  preceding  principle  forms  the  basis  for  the 
analysis  of  stresses  by  what  is  known  as  the  Moment  Method. 
The  amount  of  the  bending  moment  is  found  at  each  re- 
quired point  in  the  structure ;  and  as  at  each  point  the  resist- 
ing moment  must  equal  the  bending  moment,  if  the  bending 
moment  at  any  point  is  divided  by  the  lever  arm  of  the 
resisting  moment  (the  effective  depth  of  the  structure),  the 
quotient  will  equal  the  resisting  force  or  bending  stress  in 
the  structure  at  that  point.  This  principle  will  be  used  in 
the  analysis  of  stresses.      -. 

BXAMPLBS  FOR   PRACTICE. 

Note. — The  following  examples  refer  to  Fig.  232: 

1.  What  is  the  moment  at  a  point  10  feet  to  the  right  of  a,  caused 
by  the  supporting  force  at  ^  ?  Ans.  4,000  foot-pK>unds. 

2.  What  is  the  moment  caused  by  the  same  force  at  a  point  20  feet 
to  the  right  of  «  ?  Ans.  8,000  foot-pounds. 

3.  What  is  the  resultant  moment  at  a  point  10  feet  to  the  right  of 
b,  caused  by  the  forces  at  the  left  of  this  point  ? 

Ans.  14,000  -  4,000  =  10,000  foot-pounds. 

4.  What  is  the  resultant  moment  at  a  point  midway  between  d  and 
c  caused  by  the  forces  at  the  left  ? 

Ans.  15,000  -  5, 000  =  10,000  foot-pounds. 

5.  What  are  the  resultant  moments  at  b  and  c,  respectively  ?  See 
Art.  1133,  Illustration. 

Note. — It  will  be  noticed  that  when  the  resultant  moments  are  the 
same  at  any  two  points,  and  no  forces  are  applied  between  the  points, 
the  resultant  moment  will  be  the  same  at  all  intermediate  points. 

6.  What  is  the  resultant  moment  at  a  point  5  feet  to  the  right  of  c 
caused  by  the  forces  at  the  left  ? 

Ans.  22,000  -  12,000  -  2,000  =  8,000  foot-pounds. 

7.  What  is  the  resultant  moment  at  a  point  15  feet  to  the  right  of  c 
caused  by  the  forces  at  the  left  ? 

Ans.  26,000  -  16,000  -  6,000  =  4,000  foot-pounds. 

8.  In  each  of  the  preceding  examples,  compute  the  resultant 
moment  for  the  forces  at  the  rig/tt  of  the  point,  and  compare  both  the 
amount  and  sign  of  the  answers  with  the  preceding  answers. 


REACTIONS    OF   SUPPORTS. 

1 1 40.  The  forces  that  support  a  structure,  and,  through 
the  medium  of  the  structure,  resist  the  final  effect  of  the 
loads  upon  it  (including  its  own  weight)  are  called  reactions. 

According  to  the  third  law  of  motion,  every  action  has  an 
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equal  and  opposite  reaction.  (Art.  870.)  When  a  structure 
is  acted  upon  by  downward  forces,  the  supports  react  up- 
wards. The  structure  simply  transfers  the  effect  of  the 
downward  forces  or  loads  to  the  points  of  support ;  but  these 
downward  forces  would  move  the  points  of  support  down- 
wards, were  they  not  resisted  and  balanced  by  the  equal 
effect  of  the  supporting  forces  which  react  upwards,  so  that 
all  the  forces  which  act  upon  each  point  of  support  are  in 
equilibrium.  In  order  to  ascertain  the  amounts  of  the  in- 
ternal forces  in  a  structure  necessary  to  resist  the  effect  of 
the  external  forces,  the  value  of  each  reaction  must  be  found. 
If  a  beam  which  is  merely  supported  at  each  end  is  loaded 
uniformly  over  its  entire  length,  or  is  loaded  in  the  middle 
only,  it  is  evident  that  the  reaction  at  each  support  is  one- 
half  the  load  plus  one-half  the  weight  of  the  beam.  But 
when  a  load  is  placed  ill  such  a  position  upon  a  beam  that 
the  distances  from  the  load  to  the  two  ends  of  the  beam  are 
unequal,  the  reactions  of  the  two  supports  will  be  unequal. 
But,  in  all  cases  where  the  loads  and  reactions  are  vertical, 
the  sum  of  the  reactions  equals  the  sum  of  the  loads  {the 
weight  of  the  structure  included).  For  simplicity,  the 
weight  of  the  structure  itself  will  here  be  neglected.  The 
upward  reactions  are  considered  positive^  or  -f- ,  and  the 
downward  forces  negative^  or  —  .  The  loads  and  reactions 
constitute  the  external  forces  acting  upon  the  structure. 
(Art.  1115.) 

1141*  In  order  that  a  structure  may  be  in  equilibrium, 
three  conditions  must  be  fulfilled  by  the  forces  acting  upon 
it: 

I.  The  algebraic  sum  of  all  vertical  forces  =  0. 

II.  The  algebraic  sum  of  all  horizontal  forces  =  0. 

III.  The  algebraic  sum  of  the  moments  of  all  forces  about 
any  point  =  0,     See  Art.  1 134. 

1142*  According  to  Art.  1136,  if  a  structure  is  sup- 
ported  at   each   end   and  does   not   extend    beyond   either 


Digitized  by  CjOOQIC 


520       ELEMENTARY  GRAPHICAL   STATICS. 

support  (which  is  the  most  common  case),  there  can  be  no 
bending  mofnent  at  either  reaction;  for,  on  one  side  of  each 
reaction  there  is  no  force  to  cause  moment,  and  the  algebraic 
sum  of  the  moments  of  the  external  forces  on  the  other  side 
of  the  reaction  is  zero,  because  all  the  external  forces  which 
cause  moments  about  the  point  are  considered.  (Art. 
1135.) 

If  the  center  of  moments  is  taken  on  the  line  of  action  of 
any  force,  the  moment  of  that  force  with  reference  to  this 
center  of  moments  is  zero,  since  the  length  of  the  lever  arm 
is  zero.  (Art.  1128.)  Consequently,  if  there  are  but  two 
unknown  forces  acting  upon  a  structure  (as,  for  example, 
the  two  reactions),  one  may  be  found  by  taking  the  center 
of  moments  on  the  line  of  action  of  the  other,  and  adding, 
algebraically,  the  moments  of  all  the  other  forces  about  this 
point.  By  thus  taking  the  center  of  moments  on  the  line  of 
action  of  the  other  unknown  force,  the  second  unknown  force 
may  be  found.  This  will  be  made  clear  in  the  two  following 
articles. 

1143.  A  Slngrie  Load  in  Any  Position  Upon  the 
Span. 

Illustration. — In  Fig.  234,  the  force  H^may  represent 

any  single  load,  in  a7iy  position,  upon  any  span  /.     To  find 

PIT  the  value  of  ^,,  take 

moments  about  B^  the 

point  of  application  of 

^ J         R^.     The   moment   of 

the  load  PF,  tending  to 

cause  rotation  to  the 

left  is  —  Wby  and  the 

1 H         moment  of  reaction  ^j 

/j^  H^       tending  to  cause  rota- 

FiG.  234.  tion  to  the  right  is  R^  L 

But  the  algebraic  sum  of  these  two  moments  must  equal 

zero.     Therefore,  A\  /—  ]V b  —  0;  transposing,  R^/=  W b^ 

Wb 
and  R^  =  — -j- .     In  like  manner,  by  taking  moments  about 
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IVa 
A,  RJ-  Wa  =  0,  and  R^  =  —^,      By  Art.   1140,  the 

sum  of  the  two  reactions  must  equal  the  load ;  this  is  found 

to  be  the  case,  for  — j-  +  —j-  =  ^^—j—  =  ^^  j  =  W^. 

Example. — A  load  of  24,000  pounds  is  supported  upon  a  span 
A  B  =  dO  feet,  and  is  situated  at  a  distance  of  10  feet  from  A.  What 
are  the  reactions  at  A  and  ^,  respectively  ? 

Solution.— If  the  load  is  at  a  distance  of  10  feet  from  A,  it  is 
80  —  10  =  20  feet  from  B.  The  reaction  at  ^  =  24,000  X  |  J  =  16,000 
lb.  Ans.  The  reaction  at  i9  =  24,000  X  i8  =  S.^>W  Ih.  Ans.  The 
sum  of  the  reactions  =  16,000  -+-  8,000  =  24,000  =  the  load.     Art.  1 1 40. 


BXAMPLES  FOR  PRACTICE. 

1.  A  load  of  16,000  pounds  is  supported  upon  a  span  ^  -^  =  40  feet, 
and  is  situated  at  a  distance  of  15  feet  from  A.  What  are  the  reactions 
at  A  and  B,  respectively  ?         Ans.  10,000  lb.  at  A,  and  6,000  lb.  at  B. 

2.  A  weight  of  18,000  pounds  is  situated  at  a  distance  of  12  feet 
from  the  end  B  of  a,  span  A  B  =  90  feet.  What  are  the  reactions  at 
A  and  B,  respectively  ?  Ans.  2,400  lb.  and  15,600  lb. 

8.  A  load  of  20,000  pounds  is  situated  at  a  distance  of  15  feet  from 
the  end  B  o(  a,  span  A  B='7b  feet.  What  are  the  reactions  at  A  and 
B,  respectively  ?  Ans.  4,000  lb.  and  16,000  lb. 


1 144«     Any  Number  of  Lroads  Upon  the  Span. 

The  principle  is  applied  in  exactly  the  same  manner  when 
the  span  is  loaded  with  any  number  of  loads. 

Illustration. — In  Fig.  235,  the  beam  is  shown  loaded 
with  four  loads,  IF,,  fF^,  {F„  and  IV^.  In  this  figure,  the 
loads  are  represented  as  though  they  were  equal,  and  the 
distances  a,  b,  r,  d,  and  r,  are  equal ;  but  the  principle  is 
exactly  the  same  whether  the  loads  and  distances  are  equal 
or  unequal.  If  moments  are  taken  about  the  point  of  ap- 
plication of  ^„  the  moment  of  A',  will  be  positive  and  the 
moments  of  the  loads  will  be  negative.     Then, 
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R,/-lV^{/>  +  c  +  d+e)-lV^{c  +  d+c)-lV,{d+e)-lV,e 

=  0; 
transposing, 

dividing  by  /, 
^  ^  »^.(^  +  c  +  d+e)  +  W,{c  ■Yd+e)  +  WXd+e)+  VV,e 


W, 


W, 


• a m b- 


R, 


B, 


FIG.  286. 


Taking  moments  about  R^, 
-RJ+  IF.«+  W,(a-\-b)+  W,{a+h+c)+  ]VXa+b+c-^d)=  0, 
and 


If  {F,  is  removed  and  the  beam  loaded  with  fT,,  M\^  and 
W^  only,  the  values  of  the  reactions  are : 


R. 


_  \V,{,a  +  b)  +  n\{a  +  b  +  c)+n\{a  +  b  +  c-^d) 


1145.     Taking  again  the  values  of  A',  and  R,  found  in 
Art.  1 143)  we  have 

]Vb    ny 


^.  :  A\ 
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Or,  Te,  :R^::b:a. 

Therefore, 

Any  load  situated  between  its  two  supports  is  transferred  to 
them  in  amounts  inversely  proportional  to  its  distances  from 
them. 

Also,  since  /Cj=— ^,  and  R^-=z--j-^ 

Each  reaction  equals  the  load  multiplied  by  the  distance 
from  the  load  to  the  opposite  reaction  and  divided  by  the 
length  of  the  span. 

Finally,  by  observing  the  values  of  R^  and  R^  in  Art. 
1144, 

The  reaction  at  either  end  of  the  span  from  any  number  of 
loads  equals  the  sum  of  the  reactions  at  the  same  point  from 
the  several  separate  loads. 

1146.  Special  Cases. — If,  as  indicated  in  Fig.  235, 
a  =  b-=c  =  d=c=p,  then,  a-\-b-\-c-\-d-\-e=  ^  p  ^l^  and 

-T  =  -^  =  -,  —7—  =  ^4  =  T»  ^tc.   Therefore,  with  all  loads 
/       ^P      ^       t  ^P      ^ 

upon  the  span, 

or,  i?.  =  I PF.  +  f  IK  +  i^K  +  i  K- 

Again,  if  IV,  =  fV,  =  IV,  =  U\=  ir,  then  A'.  =  (^  +  |  + 
I  +  i)  IV  =  2 IV,  and  /?,  =  ( J  +  f  +  I  + 1)  '^=  2  W'-  In  this 
case,  as  in  all  cases,  the  sum  of  the  reactions  equals  the  sum 
of  the  loads :  2W+%IV=4:W. 

The  conditions  of  equal  loads  and  equal  distances  are  very 
common  in  such  structures  as  bridges  and  roof  trusses.  For 
any  system  of  loads,  the  reactions  are  computed  for  those 
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loads  which  are  upon  the  structure  in  each  condition   of 
loading  for  which  the  reaction  is  required. 

Note. — When  computing  moments  or  reactions,  it  is  well,  for  the 
sake  of  clearness,  to  make  a  rough  sketch  and  mark  the  loads  and 
distances  upon  it. 

Example.— If,  in  Fig.  235,  the  load  IVt  =  JV,  =  IVt  =  IV,  =  15,000 
pounds,  and  a  =  d  =  c  =  {/=e=20  feet  =  i  /,  what  are  the  values  of 
y?i  and  y?a,  respectively  ? 

Solution.— /?!  =  (}  4-  j  4-  {  +  i)  15,000  =  V  X  15,000  =  30,0001b.,  and 
/?«  =  (i  -h  f  +  f  4-  j)  15.000  =  V  X  15.000  =30,000  lb. 


EXAMPLES  FOR   PRACTICE. 

1.  Assuming  the  loads  and  distances  to  be  the  same  as  in  the  pre- 
ceding example,  but  that  the  load  IVi  is  removed,  and  the  span  loaded 
only  with  IV,,  IV^  and  Wa,  what  are  the  values  of  Rx  and  R^,  respect- 
ively ?  Ans.  18,000  lb.  and  27,000  lb. 

2.  With  loads  and  distances  t-he  same,  but  with  W%  also  removed, 
and  the  span  loaded  with  IVt  and  IVa  only,  what  are  the  values  of  i?i 
and  y?,,  respectively  ?  Ans.  9,000  lb.  and  21,000  lb. 

3.  With  loads  and  distances  the  same,  but  with  Wt  also  removed, 
and  the  span  loaded  with  IV^  only,  what  are  the  values  of  Ri  and  i?», 
respectively  ?  Ans.  3,000  lb.  and  12,000  lb. 

4.  With  distances  the  same,  but  with  the  loads  li\  =  10,000  lb.,  IVt 
=  20,000  lb..  H^3  =  30,000  lb.,  and  ir^  =  40.000  lb.,  v  nat  are  the  values 
of  Ri  and  7?,,  respectively  ? 

(  /?!  =  8,000  -f  12,000  -h  12,000  -h  8.000  =  40,000  lb. 
^"^-  i  /?,  =  2,000  -f  8,000  -h  18,000  -h  32,000  =  60,000   lb. 

5.  With  loads  and  distances  as  in  the  preceding  example,  what  is 
the  bending  moment  J/ at  IVil    At  IV^}    At  IVt?    At  IV^} 

At  Jr„  Af=     800,000  ft. -lb. 


Ans. 


At  Jr,,  iT/=:  1,400,000  ft. -lb. 
At  JF„  J/ =1,600,000  ft. -lb. 
At  IV,,  J/=  1,200,000  ft. -lb. 


6.  With  loads  and  distances  the  same  as  in  the  last  two  examples, 
but  with  IFi  removed,  and  the  span  loaded  with  IV9,  IV»,  and  IV^ 
only,  what  are  the  values  of  A'l  and  Rt,  respectively  ? 

.        (  i?,  =  32,000  lb. 
^^^'^       58,0001b. 


IS: 
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7.     With  all  conditions  the  same  as  in  the  preceding  example,  what 
is  the  bending  moment  M  at  the  position  previously  occupied  by  Wx  ? 

At  Wu  M=     640,000  ft. -lb. 
At  Wt,  il/=  1,280,000  ft. -lb. 


At  W^  ?    At  1^,  ?    At  W^  ? 

An: 


At  Wz,  i1/=  1,520,000  ft.-lb. 
At  H^4,  il/=  1,160,000  ft. -lb. 


1 147.  In  the  preceding  articles  it  has  been  shown  that 
the  values  of  the  reactions  may  be  determined  by  very 
simple  applications  of  the  principle  of  moments;  the  use  of 
these  values,  when  obtained,  will  now  be  shown.  For  a 
structure,  the  magnitudes  of  the  loads  are  either  known  or 
assumed,  and  the  points  of  application  of  the  loads  are 
known;  when  the  values  of  the  reactions  from  the  given 
loads  are  determined,  all  the  external  forces  which  act  upon 
the  structure  are  known,  and  the  values  of  the  internal 
forces  or  stresses  can  usually  be  determined  by  drawing  the 
system  of  force  polygons,  i.  e.,  the  stress  diagram,  for  the 
structure.  All  the  internal  forces  which  act  at  the  point 
of  application  of  each  external  force  are  unknown,  and  as 
the  force  polygon  can  only  be  drawn  when  not  more  than 
two  quantities  are  unknown  (Art.  1109),  it  is  necessary 
to  begin  the  stress  diagram  by  drawing  the  force  polygon 
for  a  joint  at  which  not  more  than  two  internal  forces  act ; 
that  is,  at  a  joint  at  which  not  more  than  two  members 
meet.  The  point  of  application  of  a  reaction  usually  fulfils 
this  requirement;  it  is  customary  to  begin  with  the  left 
reaction. 

1148.  Illustration. — Fig.  236  represents  a  frame  or 
truss  of  the  form  known  as  a  Warren  g^irder ;  it  is  a  form 
of  truss  often  used  for  bridges.  The  distance  between  the 
reactions,  or,  in  the  usual  language,  the  leng^tli  of  Hpan, 
is  assumed  to  be  60  feet,  and  is  divided  into  four  equal  por- 
tions, or  panels,  B^  E^  H,  and  K,  each  15  feet  in  length,  as 
shown  in  the  figure.  The  loads  fF,,  W\^  and  W^  are 
supported,  respectively,  at  the  joints  3,  5,  and  7  (called 
panel  points). 
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It  is  assumed  that  U\  =  4  tons,  U\  =  3  tons,  and  IV ^  = 
2  tons.     Therefore  (Art.  1144),  the  left  reaction 
^.  =  4X45  +  3X^30  +  2X15  ^  ^  ^^^^^ 

and  ^,  =  iXii_+ 3X^30  +  2X45  ^  ^  ^^^^ 

(^),  Fig.  236,  is  the  stress  diagram,  drawn  to  a  scale  of  4 

Scale  1=4  tons, 
^t,^ ^^^ 


Scale  lm2  tons 


Fivj.  386. 


tons  to  the  inch,  by  means  of  which  are  determined  the  in- 
ternal forces  or  stresses  in  all  the  members  of  the  truss  for 
this  system  of  loads.  By  the  aid  of  the  system  of  notation 
used,  it  will  be  readily  understood  and  will  require  but  little 
explanation.     Each  line  upon  which  two  full  arrow-heads 
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are  marked  represents  the  stress  in  that  member  of  the 
truss  which  is  situated  between  the  two  corresponding  letters 
in  the  diagram  of  the  truss.  This  stress  diagram  is  con- 
structed as  follows: 

Draw  a  vertical  line  d  k;  beginning  at  the  fo/f,  lay  off  down- 
wards, the  loads  U\=B  E  =  b  e,  Jl\  =  £  //=e  /i,  and 
W^  =  H  K=  /i  k  to  the  scale  used ;  the  loads  are  laid  off 
downwards^  because  they  act  downwards  upon  the  truss, 
and  they  are  taken  in  order ^  passing  from  left  to  right  across 
the  truss.  Next,  the  reactions  are  laid  off  upon  the  same 
line,  but  the  order  of  the  operation  is  reversed ;  beginning 
at  the  bottom  of  the  line,  lay  off  the  reactions  upwards  in 
the  reverse  order ^  to  the  same  scale,  or  passing  across  the 
truss  from  right  to  left;  that  is,  beginning  at  k^  lay  off 
upwards  R^  =  K  A  =  k  a^  and  R  ^  =  A  B  =  a  b.  It  is  evi- 
dent that  b  e  h  k  a  b  is  the  foree  polygon  for  the  external 
forces  which  act  upon  the  truss;  since,  through  the  medium 
of  the  truss,  these  forces  are  in  equilibrium,  they  form  a 
closed  polygon,  and,  as  the  forces  are  all  vertical,  the  poly- 
gon is  a  straight  line.  Half  arrow-heads  are  marked  upon 
the  lines  to  indicate  the  directions  of  the  forces.  The  line 
k  b^  which  represents  the  sum  of  the  reactions,  equals  the 
line  b  k^  which  represents  the  sum  of  the  loads  (Art.  1 140), 
or  the  algebraic  sum  of  these  vertical  forces  is  zero.  (Art. 
1141.)    The  line  *>&  is  called  the  load  line.    (Art.  1121.) 

Of  the  forces  which-  act  upon  joint  i,  all  conditions  are 
known  except  two,  the  stresses  \n  B  C  and  6'^,  the  lines 
of  action  of  the  stresses  being  known;  therefore,  the  stress 
diagram  may  be  begun  by  drawing  the  force  polygon 
for  the  forces  which  act  upon  this  joint.  R^  is  repre- 
sented by  the  line  a  b\  therefore,  from  b  and  a  draw  b  c 
and  a  c  parallel,  respectively,  to  B  C  and  A  C,  and  intersect- 
ing at  c.  Since  the  arrow-head  on  ^  ^  points  from  a  towards 
^,  pass  the  pencil  around  the  polygon  from  a  to  ^,  then  to  r, 
and  back  to  ^,  and  mark  the  arrow-heads  in  the  direction  in 
which  the  pencil  moves.  These  arrow-heads  indicate  the 
sense  of  each  stress  with  reference  to  the  joint  considered^ 
that  is,  joint  1,     On  b  c  the  arrow-head  is  nearer  b^  and  on 
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r  ^  it  is  nearer  ^,  because  these  ends  of  the  lines  correspond 
to  the  point  of  application  of  the  respective  forces,  or,  in 
other  words,  to  the  ends  of  the  members  B  C  and  C  A^ 
which  connect  at  this  joint. 

Of  the  forces  which  act  upon  joint  ^,  the  magnitude  of 
one  force,  the  stress  in  A  C,  has  been  determined.  As  ex- 
plained in  Art.  1 1 20,  it  is  evident  that  the  stress  in  this 
member  acts  upon  joint  ^  in  a  direction  opposite  to  that  in 
which  it  acts  upon  joint  1,  Therefore,  an  additional  arrow- 
head is  marked  on  ^  r  in  a  reversed  position  and  direction, 
so  that  it  will  point  from  a  towards  c\  a  d  and  c  d  are  drawn 
parallel  \.o  A  D  and  C  Z>,  respectively,  and  the  arrow-heads 
marked  on  them,  starting  in  the  direction  of  the  reversed 
arrow-head  on  a  c. 

Of  the  forces  which  act  upon  joint  ^,  the  magnitudes  of 
two  forces,  the  stresses  in  B  C  and  C  D^  have  been  deter- 
mined, and  the  magnitude  of  the  external  force  fF„  or  B  E^ 
is  known ;  as  the  lines  of  action  of  all  the  forces  are  known, 
but  two  conditions  remain  unknown,  namely:  the  magni- 
tudes of  the  stresses  in  E  F  and  F  D.  To  determine  these, 
mark  additional  arrow-heads  in  reversed  positions  and  direc- 
tions on  ^  ^  and  c  b ;  trace  b  e  equal  to  W^  and  from  e  and  d 
draw  e  /"  and  ^y  parallel,  respectively,  to  the  members  E  F 
and  D  F\  they  intersect  at/.  (See  Art.  1113.)  Mark 
the  arrow-heads  as  usual.  For  joint  ^  additional  arrow- 
heads are  marked  in  reversed  positions  and  directions  on 
a  d  and  d  /",  and  f  g  and  a  g,  drawn  parallel  to  F  G  and 
A  Gy  respectively. 

It  is  to  be  noticed  that  g  a^  not  g  d,  represents  the  stress 
in  C  ^.  As  has  been  repeatedly  explained,  the  stress  in  any 
member  is  given  by  that  line  of  the  stress  diagram  situated 
between  the  same  two  letters  between  which  the  member  is 
situated  in  the  diagram  of  the  truss. 

For  joint  5,  the  polygon  gfe  h  i g  is  drawn;  for  joint  6y 
the  polygon  a  g  i  j  a  is  drawn;  for  joint  7,  the  polygon 
J  i  h  k  Ij  is  drawn ;  for  joint  8^  the  triangle  a  J I  a  is  drawn, 
and  for  the  last  joint  .9,  the  triangle  a  I  k  a  is  drawn,  comple- 
ting the  diagram.     If  the  work  has  been  done  correctly,  the 
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line  k  a  will  equal  the  reaction  ^,  (=  A'/i)  =  4  tons  =  1 
inch,  by  the  same  scale  (4  tons  to  the  inch)  by  which  the 
line  a  b  was  made  equal  to  R^, 

Each  line  in  the  stress  diagram  which  represents  stress 
in  a   member  of  the  truss  forms  a  side  of  two  polygons, 

because  each  member  is  connected  at  two  joints. 

• 

1149.  The  correspondence  of  the  large  letters  on  the 
truss  with  the  small  ones  in  the  force  polygons  is  of  great 
assistance;  by  noticing  it  carefully,  the  student  will  have  no 
difficulty  in  tracing  and  checking  the  stress  diagram.  Con- 
sider, for  instance,  joint  6,  the  polygon  for  which  is  ^  ^  ij  a. 
Notice  that  the  corresponding  letters  A  G  I /  A,  on  the 
truss,  follow  one  another  around  the  joint  in  such  a  manner 
that  in  passing  from  one  to  another  we  move  in  a  direc- 
tion opposite  to  that  in  which  the  hands  of  a  clock  move, 
and  by  naming  them  all  we  go  around  an  entire  circle  in 
the  same  direction,  passing  from  A  to  G,  from  G  to  /,  from 
/to  y,  etc.  This  gives  the  directions  of  the  corresponding 
lines  in  the  diagram  for  the  given  Joint.  Thus,  in  joint  ^, 
the  lines  go  from  a  to  g,  from  g  to  /',  from  i  toy,  fromy  to  a, 
following  the  order  A  G  I J  A.  This  applies  to  any  joint. 
The  lines,  of  course,  are  not  actually  drawn  in  the  order 
given  ;yrtf  is  not  drawn  fromy  to^,  because  the  pointy  is  not 
known ;  to  locate  it,  a  line  is  drawn  from  i  parallel  to  /y, 
and  another  from  a  parallel  to  A  J\  their  intersection  gives 
the  pointy;  but  the  direction  of  the  stress  is  from  y  to  ■^, 
according  to  the  rule  given  above. 

If  from  any  cause  it  should  be  necessary  to  draw  the  first 
force  polygon  so  that  the  direction  of  the  letters  is  from 
right  to  left  around  the  joint,  all  of  the  others  must  also  be 
drawn  in  this  order. 

1150.  If  the  load  W^  is  removed  from  joint  ^,  and  the 
loads  W^  and  JF,  are  allowed  to  remain  at  joints  5  and  7, 

then  R^  will  equal  ^^^^y  ^^^  =  2  tons,  and  R,  will 
equal  ^^^^^^^^^  =  3  tons.    The  diagram  (b\  Fig.  236, 
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is  the  stress  diagram  for  this  condition  of  loading.  For 
joint  i,  the  line  a  b\s  drawn  equal  and  parallel  to  R^{=  A  B), 
and  d  c  and  a  c  drawn  parallel  to  B  C  and  A  C,  respectively ; 
the  directions  of  the  arrow-heads  on  b  c  and  a  c  are  marked 
to  correspond  with  that  on  a  by  whose  direction  is  known. 
For  joint  2^  an  additional  arrow-head  is  marked  in  the  opposite 
position  and  direction  on  line  ac,  and  the  triangle  ac  da  is 
completed  as  usual.  For  joint  3^  when  starting  at  d^  the 
reversed  arrow-heads  have  been  marked  on  lines  dc  and  c b\ 
the  next  line  to  be  drawn  would  usually  be  a  line  ^^  to 
represent  the  load  \V^ ;  but  as  \V^  has  been  removed,  there 
is  no  force  B  E  acting  at  this  joint,  and,  consequently, 
there  is  no  line  be  to  be  drawn.  The  space  formerly 
denoted  by  E  is  now  denoted  by  B^  and,  instead  of  the 
member  E  F^  we  have  the  member  B  F.  From  b  draw  b  f 
parallel  to  B  F^  and  from  ^draw  df  parallel  to  D  F;  these 
lines  give  the  stresses  in  B  F  (or  E  F)  and  D F,  The  stu- 
dent will  follow  through  in  detail  the  process  of  drawing 
the  force  polygons  for  the  remaining  joints;  it  is  sub- 
stantially the  same  as  in  {a).  Fig.  236,  and  by  the  aid  of  the 
notation  used  will  be  readily  understood. 

If  {b).  Fig.  236,  be  compared  with  {a).  Fig.  236,  one  fact 
is  very  noticeable:  after  removing  the  load  W^„  which  is 
the  heaviest  of  the  three  loads,  it  is  found  that  the  stresses 
in  the  members  D  F  and  F  G  [(^),  Fig.  236]  are  greater 
than  when  [F,  was  upon  the  truss.  This  would  be  generally 
true  of  the  stresses  in  these  members  with  reference  to  the 
load  W^ ;  it  is  characteristic  regarding  the  positions  of  loads 
for  maximum  stress,  and  will  be  noticed  again  in  the 
analysis  of  stresses. 

1 1 5 1  •  At  (^),  Fig.  236,  is  shown  a  stress  diagram  for  the 
truss,  loaded  with  the  load  W^  only,  the  loads  W^  and  W^ 
both  being  removed.  The  entire  space  between  R^  and 
W^  is  now  denoted  by  i),  and,  instead  of  the  members  B  C, 
E  F,  and  H  /,  we  have  B  C,  B  F,  and  B  /.  For  clearness 
this  diagram  is  drawn  to  a  larger  scale,  one  of  2  tons  to 
the  inch.     It  will  need  no  special  explanation.     The  feature 
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to  be  specially  noticed  is  that  by  removing  the  load  IV^ 
the  character  of  the  stresses  in  the  members  G  I  and  I J  is 
reversed.  In  {a)  and  (^),  Fig.  230,  the  character  of  the 
stress  in  the  member  G  /,  as  indicated  by  the  arrows 
marked  upon  the  line  g  /,  is  tension^  while  in  (r),  Fig.  23G, 
the  arrows  marked  upon  the  line  g  i  indicate  that  the 
stress  is  compression.  Also,  in  (a)  and  (^),  Fig.  23(5,  the 
arrows  upon  the  line  ij  indicate  that  the  stress  in  the  mem- 
ber I J  is  compression^  while  in  (r)  the  arrows  upon  the  line 
ij  indicate  that  the  stress  is  tension, 

1152.  The  following  is  a  tabulation  of  the  stresses  in 
the  members  of  the  truss,  as  scaled  from  the  stress  diagrams 
(^),  (^),  and  (r),  Fig.  230,  for  the  three  conditions  of  loading 
explained  above.     They  are  expressed  in  tons: 


Member. 

(«) 

(*) 

W 

A  C 

+  5.59 

+  2.24 

+  0.56 

CD 

-5.59 

-2.24 

-0.56 

DF 

+  1.12 

+  2.24 

+  0.56 

F  G 

-1.12 

-2.24 

-0.56 

GI 

-  2.24 

-1.12 

+  0.56 

I  J 

+  2.24 

+  1.12 

-0.56 

J  L 

-4.47 

-3.35 

-1.68 

LA    . 

+  4.47 

+  3.35 

+  1.68 

BC 

-2.50 

-  1.00 

-0.25 

EF 

-5.50 

-3.00 

-0.75 

HI 

-  5.00 

-3.50 

-1.25 

KL 

-  2.00 

-1.50 

-0.75 

AD- 

+  5.00 

+  2.00 

+  0.50 

AG 

+  6.00 

+  4.00 

+  1.00 

AJ 

+  4.00 

+  3.00 

+  1.50 

When  a  stress  is  preceded  by  a  -f  sign,  the  sign  indicates 
that  the  stress  is  compression,  and  when  preceded  by  a  — 
sign,  the  sign  indicates  that  the  stress  is  tension.  The  signs 
are  sometimes  written  after  the  stresses;  when  used  with 
stresses  they  have  no  other  meaning. 
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THE    EQUILIBRIUM    POLYGON. 

1153.  In  Arts.  1107  and  1108,  it  was  shown  that, 
by  means  of  the  force  polygon,  either  the  equilibrant  or  the 
resultant  of  any  number  of  concurring  forces  can  be  found. 

A  method  of  finding  the  magnitude,  direction,  and  line  of 
action  of  either  the  equilibrant  or  the  resultant  of  any  num- 
ber of  forces,  whose  lines  of  action  do  not  meet  at  a  common 
point,  will  now  be  given.  The  forces  are  considered  as 
acting  in  the  same  plane. 

Illustration. — In  Fig.  237  three  forces  of  100,  40,  and 
60  pounds,  respectively,  are  represented  by  the  lines  /^„  -F,, 


Scale  1^80  lb. 


Pig.  237. 

and  /%;  their  magnitudes  are  represented  by  the  lengths, 
and  their  lines  of  action  located,  by  the  positions  of  the 
respective  lines,  while  the  sense  of  each  force  is  indicated 
by  an  arrow-head  marked  upon  the  corresponding  line. 
For  these  forces,  construct  the  force  polygon  0-1-2-3-0^  by 
drawing  end  to  end  the  lines  0-1^  1-2,  and  2-3^  respectively, 
parallel  and  equal  to  F^^  F^,  F^,  and  complete  the  polygon 
by  drawing  the  closing  line  3-0.  The  polygon  is  drawn  in 
the  figure  to  a  scale  of  80  pounds  to  the  inch.  The  closing 
line  =  120  pounds,  if  drawn  in  the  direction  3-0^  represents 
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in  magnitude  and  direction  the  equilibrant  of  the  forces 
/^„  jp„  /^„  and,  if  drawn  in  the  opposite  direction  0-3,  it 
represents  the  resultant  of  those  forces  [(^),  Art.  1107; 
also,  {a)  and  (*),  Art.  1108];  but  the  position  of  the  line 
along  which  the  equilibrant  or  resultant  must  act  is  still 
unknown.  To  find  the  line  of  action  of  the  equilibrant  and 
resultant,  proceed  as  follows: 

Choose  any  point,  as  P^  and  draw  the  radial  lines  P  0^ 
P 1^  P2^  and  PS.  Through  any  point,  as  b,  on  the  line  of 
action  of  the  force  F^  (represented  also  by  0-1)  draw  a  line 
a  b  e  oi  indefinite  length  and  parallel  to  P0\  also,  through 
the  same  point,  draw  a  line  b  c  parallel  to  Pi  and  intersecting 
the  line  of  action  of  the  force  /%  at  c. 

The  line  ^  ^  is  drawn  between  the  lines  of  action  of  F^  and 
jp„  because  the  line  P  i,  to  which  ^  ^r  is  drawn  parallel,  is 
drawn  from  Pto  the  point  of  intersection  1  of  the  line  0-1^ 
which  represents  /^„  and  the  line  i-i?,  which  represents  F^, 
Likewise,  through  r,  draw  a  line  c  d  parallel  to  P  ^,  inter- 
secting the  line  of  action  of  the  force  F^  at  d.  Finally, 
through  d^  draw  a  line  d  e  parallel  to  P  S^  intersecting  at  e 
the  line  b  e  which  was  drawn  parallel  to  P  0,  The  line  of 
action  of  the  equilibfant,  or  of  the  resultant,  of  the  forces 
/^„  F^^  and  /^„  must  pass  through  the  point  €\  this  point  is 
the  intersection  of  the  lines  b  e  and  d  e^  which  are  drawn  par- 
allel to  the  lines  PO  and  PS,  These  latter  lines  are  drawn 
from  P  to  the  extremities  of  the  line  0-S^  which  represents 
the  equilibrant,  or  the  resultant  in  the  force  polygon  0-1-2-8-0. 

If,  through  the  point  ^,  the  line  -£"  -^  is  drawn  equal  and 
parallel  to  S-0^  it  will  represent  the  equilibrant,  or,  if  the 
line  R  E  is  drawn  in  the  opposite  direction  from  R  towards 
-£,  it  will  represent  the  resultant  of  the  forces/',,  F^,  and  F^; 
the  equilibrant  and  resultant  are  exactly  equal  and  opposite. 

This  method  of  finding  the  magnitude,  direction,  and 
position  of  the  equilibrant  and  resultant  is  applicable  to  any 
number  of  forces  acting  in  the  same  plane.  It  may  also  be 
extended  so  as  to  apply  to  forces  acting  in  different 
planes,  but  such  application  of  the  method  will  not  here  be 
considered. 
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1154.  In  {(/),  Fig.  237,  the  point -Pis  called  the  pole;  the 
lines  PO,  Pi,  P2,  and  P S,  which  join  the  pole  with  the  ver- 
texes  of  the  force  polygon,  are  called  the  rays,  or  strlnss. 
The  complete  figure,  composed  of  the  force  polygon,  the  pole, 
and  the  rays,  is  called  the  force  diagram.  The  polygon 
b  c  d  e  b.  Fig.  237,  which  represents  a  system  of  intervening 
or  connecting  forces  through  the  medium  of  which  the  sys- 
tem of  original  forces  and  their  equilibrant  may  be  held  in 
equilibrium,  is  called  the  equilibrium  polygon.  A  line 
of  the  equilibrium  polygon  included  between  the  lines  of 
action  of  two  forces,  as  the  line  b  c  ov  c  d,  etc.,  is  sometimes 
called  a  line  of  resistance. 

As  the  pole  P  may  be  taken  anywhere,  any  number  of 
force  diagrams,  and,  consequently,  any  number  of  equilib- 
rium polygons,  may  be  drawn,  each  of  which  will  give  the 
same  value  and  locate  the  same  line  of  action  for  the  equi- 
librant (or  for  the  resultant).  To  test  the  accuracy  of  the 
work,  take  a  new  position  for  the  pole  and  proceed  as  before. 
If  the  work  has  been  correctly  done,  the  first  and  last  lines 
of  the  equilibrium  polygon,  be  and  d e,  which  are  drawn 
respectively  parallel  to  PO  and  P3,  the  first  and  last  rays 
of  the  force  diagram,  will  intersect  somewhere  on  the  line 
of  action  of  the  equilibrant  and  resultant,  or  E  R,  produced 
if  necessary. 

1155*  The  equilibrium  polygon  gives  an  easy  method 
of  resolving  a  force  into  two  components. 

Or 
F  B 


\ 


d-- 


^  —  —  'T-'^^^ 


Fig.  238. 


In  Fig.  238,  let  /^=  10  pounds  be  the  force,  and  let  it  be 
required  to  resolve  it  into  two  parallel  components  A  and 


Digitized  by  CjOOQIC 


ELEMENTARY  GRAPHICAL  STATICS.        535 

B^  at  distances,  respectively,  of  5  feet  and  15  feet  from  F, 
The  magnitudes  of  A  and  B  are  required.  Draw  0-1  to 
represent  F=\Q  pounds;  choose  any  convenient  pole  P 
and  draw  the  rays  PO  and  Pi.  Take  any  point,  a  on  /% 
and  draw  a  b  parallel  to  P  0,  intersecting  A  at  by  and  a  c 
parallel  to  P  i,  intersecting  B  at  c.  Join  b  and  c  by  the  line 
be.  Through  the  pole  P^  draw  Pd  parallel  to  bc^  inter- 
secting 0-1  at  d.  Then,  0  d  \%  the  magnitude  of  A  measured 
with  the  scale  to  which  0-1  was  drawn,  and  ^i  is  the  mag- 
nitude of  B  measured  with  the  same  scale. 

The  operations  may  be  checked  by  the  method  of  moments. 
The  process  is  similar  to  that  for  finding  the  reactions  at 
A  and  B  due  to  a  load  /^  in  a  corresponding  position  on  the 
space  A  B\  the  components  A  and  B  will  be  equal  in  magni- 
tude, though  opposite  in  direction,  to  the  respective  re- 
actions.    Thus,  taking  moments  about  A^  we  have,  -5x20= 

Fy.  5,  or  ^=  -^-^=  4,  and  A  =  F--B=  12,  since  A  + 

B=F;  or,  taking  moments  about  B,  yi  X  20=7^X15;  or,  A  = 
16  X  15 


20 


=  12,  as  before.     The   student  should  familiarize 


himself  with  all  these  methods  and  the  principles  involved. 
1 1 56.     If  the  components  are  not  parallel  to  the  given 


x/ 


force,  they  must  intersect  its 
line  of  action  in  a  common 
point. 

In  Fig.  239,  let  /^  =  16 
pounds  be  the  force.  It  is 
required  to  resolve  it  into  two 
components,  A  and  B^  inter- 
secting at  a,  as  shown.  Draw 
Fig.  289.  0-1  to  some  convenient  scale 

to  represent  16  pounds;  then  draw  i/^and  OP  parallel  to 
A  and  B\  0  P  2ind  Pi  are  the  values  of  the  components 
both  in  magnitude  and  direction. 

Example.— Let  /^,,  /-;,  /•;,  /*;,  and  Ft  (Fig.  240)  be  five  forces  whose 
magnitudes  are  7,  10,  5, 12,  and  15  pounds,  respectively.     It  is  required 
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to  find  their  resultant  and  to  resolve  this  resultant  into  two  compo- 
nents parallel  to  it  and  passing  through  the  points  a  and  b. 

Solution. — Choose  any  point,  0,  and  draw  0-1  parallel  and  equal  to 
Fu  1-2  parallel  and  equal  to  F^,  etc, ;  0-5  will  be  the  value  of  the  result- 
ant, and  its  direction  will  be  from  0  to  5,  opposed  to  the  other  forces 
acting  around  the  polygon.  Choose  a  pole  P,  and  complete  the  force 
diagram.  Choose  a  point  c  on  Fi,  and  draw  the  equilibrium  polygon 
cdefghc\  the  intersection  of  c h,  parallel  to  PO,  and^^,  parallel  to 
P  5,  gives  a  point  A  on  the  resultant  P.    Through  A,  draw  P  parallel 


PlO.  340. 


to  OS,  and  it  will  be  the  position  of  the  line  of  action  of  the  resultant 
of  the  five  forces.  The  components  must  pass  through  the  points 
^  and  d,  according  to  the  conditions;  hence,  draw  Ki  and  F,  parallel 
to  P  through  a  and  if.  Since  OS  represents  the  magnitude  of  P,  draw 
A  k  and  h  I  parallel  to  PO  and  P  5  (they,  of  course,  coincide  with  c  h 
and  g  hy  since  the  same  pole  P  is  used),  intersecting  V\  and  V%  in  k 
and  /.     Join  k  and  /,  and  draw  P  Q  parallel  to  k  I.   Then  OQ=Vx  and 

1157.  By  the  principle  ^explained  in  the  preceding 
article,  the  reactions  from  any  system  of  loads  may  be 
found.     This  will  be  shown  by  an  example. 
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Example. — Let  ^i  be  the  reaction  of  the  left  support,  and  R^  the 
reaction  of  the  right  support ;  let  the  distance  between  the  two  sup- 
ports be  14  feet.  Suppose  that  loads  of  50,  80,  100,  70,  and  80  pounds 
are  supported  at  distances  from  the  left  support  equal  to  2,  5,  8,  10, 
and  12^  feet,  respectively.  The  reactions  of  the  supports  are  required, 
neglecting  the  weight  of  the  beam.     See  Fig.  241. 

Solution. — The  reactions  may  be  found  graphically  by  resolving 
the  resultant  of  the  loads,  which  in  this  case  acts  vertically  downwards, 
into  two  parallel  components  passing  through  the  points  of  support. 
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The  reactions  are  equal  and  opposite  to  the  components.  Draw  the 
beam  to  some  convenient  scale  and  locate  the  loads,  as  shown  in  the 
figure.  Construct  the  force  diagram,  making  0-1  =  50  pounds,  1-^  = 
80  pounds,  etc.,  the  line  0-5  representing  the  force  polygon.  Choose  a 
point  d  on  the  line  of  action  of  the  force  IVi,  and  draw  the  equilib- 
rium polygon  abcdefga\  ab  sltA  f  g  intersect  in  h,  the  point 
through  which  the  resultant  R  must  pass.  By  drawing  P  m  parallel  to 
the  closing  line  ag  oi  the  equilibrium  polygon,  the  resultant  0-5  is 
resolved  into  the  components  0  m  and  m  J,  which  are  equal  and  oppo- 
site to  the  reactions  Rx  and  R%,  respectively. 
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Measuring  0  m  and  m  5,  with  the  same  scale  that  was  used  to  lay  off 
OSy  it  is  found  that  Rx  =  160  pounds,  and  7?,  =  170  pounds.  By  calcu- 
lation, ^1  =  160.4  pounds,  and  R^  =  169.6  pounds,  which  shows  that  the 
graphical  method  is  sufficiently  accurate  for  all  practical  purposes. 
The  larger  the  scale  used,  the  more  accurate  will  be  the  results. 

1 1 58.  In  case  it  had  not  been  desired  for  any  purpose 
to  ascertain  the  line  of  action  of  the  resultant  (or  equili- 
brant),  but  simply  to  determine  the  values  of  the  reactions 
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R^  and  R^^  which,  when  applied  at  the  points  A  and  B, 
would  support  or  equilibrate  the  loads,  the  portions  d  li  and 
/  h  of  the  lines  a  h  and  g  h  could  have  been  omitted.  The 
figure  abed  c  f  g  a  would  then  be  the  equilibrium  polygon; 
the  force  diagram  would  have  been  the  same. 
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The  method  of  ascertaining  the  reactions  without  locating 
the  line  of  action  of  the  equilibrant  and  resultant  will  be 
illustrated  by  a  very  general 

Example. — The  system  of  forces  T^j  =  30  lb.,  Fx  =  25  lb.,  F%  =  401b., 
/;  =  20  lb.,  and  F%  =  85  lb.  have  the  directions  and  positions  shown  in 
Fig.  242.  It  is  desired  to  determine  the  magnitudes  and  directions  of 
the  reactions  -^i  and  Rxy  which,  if  applied  at  a  and  g,  respectively, 
will  equilibrate  the  system  of  original  forces. 

Solution. — Construct  the  force  polygon  0-l-J'3'4'5-0\  the  closing 
line  5-0  represents  the  equilibrant  of  the  original  forces,  but  its  posi- 
tion need  not  be  found.  Choose  any  j>osition  for  the  pole  P  and  draw 
♦he  rays  PO,  P 1,  P 2,  PS,  P4,  and  P 5.  Through  a  and  g,  which  are 
lo  be  the  points  of  application  of  the  reactions,  draw  the  lines  a  h  and 
g  k  oi  indefinite  length  and  parallel  to  5-0.  From  a,  or  from  some 
point  on  a  ^,  as  a\  draw  d  b  parallel  to  PO,  intersecting  the  line  of 
action  of  the  force  Fx  (produced  as  far  as  necessary)  at  b ;  from  ^,  draw 
b  c  parallel  to  P 1,  intersecting  the  line  of  action  of  Fx2Xc\  from  c, 
draw  c  d  parallel  to  P  S,  intersecting  the  line  of  action  at  /i  at  d  \ 
from  d,  draw  de  parallel  to  P3\  from  e,  draw  ef  parallel  to  P4,  and 
from/ draw /^'  parallel  to  P5y  intersecting  the  line  gk  at  g\ 
Draw  g'  a\  and  through  /'draw  Pm  parallel  to  it,  intersecting  0-5 
Sit  m;mO=.Pi=A4  pounds,  and  5m=z  Px  =  9Q  pounds.  The  line  g '  a' 
is  called  the  closlns^  line  of  the  equilibrium  polygon. 

Examples. — Solve  by  the  graphical  method  the  examples  given  in 
Art.  1143.  

GRAPHICAL   EXPRESSION    FOR   MOMENTS. 

1 159.  Ctiliiiann'»  Principle. — The  moment  of  a  sin- 
gle force  about  any  point  may  be  expressed  and  determined 
graphically  in  the  following  manner  : 

Example.— See  Fig.  243.  Let  F—  10  pounds  represent  a  force 
which  tends  to  cause  rotation  about  the  point  r  as  a  center.  The  lever 
arm  of  the  moment  \^  f  c  —  1\  feet. 

It  is  desired  to  ascertain  the  moment  of  F  about  r. 

Solution.— Draw  O-l  parallel  to  /'and  equal  to  10  pounds  to  any 
convenient  scale.  Choose  any  point  P  as  the  pole,  and  draw  the  rays 
/'^  and  P  1\  also,  draw  P  2  perpendicular  to  O-l.  Through  any  point, 
as  b,  on  /%  draw  the  lines  b  a  and  b  g  parallel,  respectively,  to  PO  and 
P  1\  the  lines  ba  and  b  g  correspond  to  the  lines  e  b  and  e  d  ol  the 
equilibrium  polygon.  Fig.  237,  through  the  intersection  of  which  the 
resultant  must  pass,  the  force  F,  in  the  present  case,  corresponding  to 
the  resultant  in  Fig.  237.     Prolong  a  b,  and  through  c  draw  c  e  parallel 
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to  /%  intersecting  b  g  and  ab\n  d  and  e.     By  geometry  it  can  be 
shown  that  O-lXf  c  =  dexP^t  or,  as  (?-i  =  i^and  Fx/c  is  the 

O 


Pig.  248. 

moment  of  F  about  r,  the  moment  of  F  about  c  z:^  e  d  X  P  3,  \i  e  d  \^ 
measured  to  the  same  scale  used  for  /  r,  and  P  2  \%  measured  to  the 
same  scale  used  for  0-L 

1160.     The  line  /*  ^  is  called  the  pole  distance;  it  is 

always  drawn  perpendicular  to  the  line  which  represents  the 
force;  it  is  usually  designated  by  the  letter  //,  and  will  so  be 
designated  hereafter.  The  line  d  e^  which  is  intercepted 
between  the  two  lines  which  meet  upon  the  line  of  action  of 
the  force  (one  line,  as  a  b^  being  prolonged  if  necessary),  is 
called  the  Intercept. 

In  the  triangle  PO-l^  the  lines  PO  and  Pi  represent  the 
components  of  the  force  F  in  the  directions  a  b  and  g  b, 
respectively ;  while  the  lines  of  action  of  those  components 
are  a  b  and  g  b^  meeting  at  b.  Since  ^  ^  is  limited  by  g  b 
and  a  b  (the  latter  produced),  we  may  give  the  following 
general  definition :  The  Intercept  of  a  force  whose  moment 
about  a  point  is  to  be  found  is  the  segment  (or  portion) 
which  the  two  components  (produced,  if  necessary)  cut  off 
from  a  line  drawn  through  the  center  of  moments  parallel 
to  the  direction  of  the  force.  The  principle  explained 
above  may  be  stated  as  follows: 

T/ie  moment  of  a  force  about  any  point  equals  the  intercept 
with  respect  to  that  point  multiplied  by  the  pole  distance. 

This  is  known  as  Culmann's  Principle;  it  is  one  of  the 
most  important  facts  in  Graphical  Statics,  and  should  be 
thoroughly  understood 
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Since,  in  Fig.  243,  but  one  force  F  is  represented,  it  is 
evident  that,  in  this  figure,  the  equilibrium  polygon  is  not 
complete ;  for  the  action  of  a  single  force  can  not  produce  a 
condition  of  equilibrium.  The  lines  a  b  and  g  b^  however, 
may  be  any  two  lines  of  the  equilibrium  polygon  which 
intersect  upon  the  line  of  action  of  the  force. 

1161*  If  the  principle  given  in  the  preceding  article  be 
applied  to  the  resultant  of  any  number  of  forces,  it  will  give 
the  resultant  moment  of  all  the  forces  about  any  given 
point ;  for  the  moment  of  the  resultant  of  the  given  forces 
about  any  point  will  equal  the  resultant  moment  of  the  same 
forces  about  the  same  point.  Culmann's  principle  thus 
becomes  perfectly  general,  and  is  applicable  to  any  number 
of  forces. 

Example.— Let  /^i  =  20  pounds,  /;  =  26  pounds,  and  Ft  =  18  pounds 
be  three  forces  acting  as  shown  in  Fig.  244 ;  it  is  desired  to  find  their 
resultant  moment  about  the  point  C. 

Solution. — Draw  the  force  diagram  and  equilibrium  polygon,  and 
determine  the  position  of  the  resultant  H  in  the  manner  previously 

SI  Q 
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Fig.  244. 


explained.  Through  C  draw  C  e  parallel  to  R.  The  intercept  d  e^ 
multiplied  by  the  pole  distance  P  Q,  or  //,  equals  the  resultant 
moment  of  the  given  forces  about  C. 

1162*  That  the  moment  of  the  resultant  of  a  system 
of  forces  about  any  point  equals  the  resultant  moment  of 
the  same  forces  about  the  same  point  will  be  shown  by  an 
example  in  which  the  given  forces  are  vertical.  This  ren- 
ders the   force  diagram  and  equilibrium   polygon   simpler 
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figures,  and  the  representation  of  the  moments  of  the  forces 
will  be  readily  understood. 

Example.— In  Fig.  245,  the  forces  /'^,  =  30,  Ft=z20,  and  /;  =  20 
pounds  are  vertical,  /a  is  situated  between  J\  and  /^,,  at  a  distance 
of  50  feet  from  Fu  and  of  30  feet  from  Fs,  as  shown  in  the  figure.  It 
IS  desired  to  ascertain  (a)  the  moment  of  the  resultant  A'  about  the 
point  C,  which  is  distant  24  feet  horizontally  from  Fi,  and  (^)  the 
resultant  moment  of  the  given  forces  about  the  same  point. 


Of 


2 


./ 


y 


y 


y 

Scale  of  forces  lm40 lbs.       i. 
Scale  of  distance  1^40^         \E 

Fig.  245. 

Solution.— The  force  diagram  which  determines  the  magnitude 
and  the  equilibrium  polygon  which  locates  the  position  of  the  resultant 
J^  are  constructed  in  the  usual  manner.  /^  is  found  to  equal  70 
pounds,  and  its  position  to  be  at  a  distance  of  13.14  feet  horizontally 
to  the  right  of  C,     By  computation  the  following  results  are  obtained: 

Since  the  forces  are  parallel  and  have  the  same  sense,  the  resultant  = 
30  -+-  20  -h  20  =  70  pounds.  Distance  of  Ft  from  C  =  50  -  24  =  26  ft., 
and  of  Ft,  50  -h  30  -  24  =  56  ft.  If  the  sense  of  /?  be  reversed  so  that 
it  acts  upwards,  the  four  forces  Fi,  /'a,  /"a,  and  /^  will  be  in  equilibrium, 
and  the  sum  of  their  moments  about  C=  0.  Denoting  the  distance  of 
i?  from  C  by  ^,  -  30  X  24  -  70.r  +  20  X  26  +  20  X  56  =  0,  or  ^=  13f  ft. 
Hence,  the  moment  of  V?  about  C=  13}  x  70  =  920  foot-pounds. 

(a)  By  Culmann's  principle  (Art.  1160).  the  moment  of  V?  about 
C'=  ///x  //=  23  X  40  =  920  foot-pounds  to  the  right,  or  positive. 


Digitized  by  CjOOQIC 


ELEMENTARY  GRAPHICAL  STATICS.       543 

{b)  By  the  same  principle,  the  moment  of  F^  about  C=^/gXH  = 
13  X  40  =  520  foot-pounds,  and  the  moment  of  Ft  about  C  =  ^iX//  = 
28x40  =  1,120  foot-pounds,  both  positive;  the  moment  of  Fi  about 
C=  — /^  X  //=  —  18  X  40  =  —  720  foot-pounds,  to  the  left,  or  negative. 
Therefore,  the  resultant  moment  of  /',,  /,,  and   Ft  about   C=/^X 

or  23  X  40  =  920  foot-pounds,  the  same  as  in  {a)\  that  is,  the  resultant, 
moment  of  the  given  forces  equals  the  moment  of  their  resultant. 

1163.  If  the  resultant  R  (Fig.  245)  is  replaced  by  the 
equilibrant  E^  the  moment  of  the  latter  will  be  equal  in 
amount,  but  opposite  in  character,  to  the  moment  of  R\ 
that  is,  the  moment  of  the  equilibrant  will  be  —  020  foot- 
pounds. This  added  algebraically  to  the  resultant  moment 
of  the  given  forces  gives  920  —  020  =  0,  as  it  should  be. 
(See  Art.  1134.) 

1164.  In  Fig.  245,  the  forces  F^,  /;,  /^„  and  E  do  not 
meet  at  any  common  point,  and,  therefore,  can  only  be  in 
equilibrium  through  the  medium  of  some  structure,  which 
is  interposed  between  their  lines  of  action  in  such  a  manner 
as  to  transfer  the  effect  of  each  force  in  proper  proportions 
to  the  points  of  application  of  the  other  forces. 

If  the  forces  /^„  F^^  and  F^  are  equilibrated  by  the  force 
Ey  then  the  effect  of  E  must  in  some  way  be  transferred  to 
the  .points  of  application  of  /^,,  /^„  and  F^^  the  portion  of  E 
transferred  to  each  point  of  application  being  equal  to  the 
force  acting  upon  that  point.  It  is  plain  that  this  can  only 
be  accomplished  through  the  medium  of  some  structure  in 
which  sufficient  resisting  (internal)  force  or  strength  can 
develop  to  distribute  the  effect  of  the  external  forces.  It  is 
for  the  purpose  of  giving  sufficient  strength  to  the  structure 
that  the  effect  of  the  original  system  of  forces  on  each  of 
its  parts  is  ascertained  in  making  the  design.  The  structure 
may  be  a  bridge  truss,  roof  truss,  stand  pipe,  beam,  column, 
piece  of  shafting,  part  of  a  steam  engine,  or  any  piece  of 
material  intended  to  resist  force. 

1 1 66.  It  will  be  noticed  that  equilibrium  exists  between 
the  forces  represented  in  Fig.  245,  only  when  the  action  of 
all  the   forces   are  considered.     But,   at   any  point   as  C, 
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between  F^  and  F^^  the  forces  on  one  side  of  the  point,  if 
considered  separately  (as  F^  on  the  left),  have  a  resultant 
moment  which  tends  to  cause  rotation  in  one  direction; 
while  the  forces  on  the  opposite  side  of  the  point  (as  F^^  /^„ 
and  E  on  the  right)  have  a  resultant  moment  which  tends  to 
cause  rotation  in  the  opposite  direction.  Thus  the  moment 
of  F^  (the  only  force  on  the  left)  about  C  —  —fhxH^ 
while  the  resultant  moment  of  /%,  /^„  and  E  (on  the  right) 
about  C  =  fgx  H  +  gix  H-k  t  X  /f=//i  X  H,  The 
former  moment  is  negative  and  the  latter  moment  is  posi- 
tive, and,  as  they  are  thus  equal  and  opposite,  they  balance 
each  other.  But,  as  the  forces  which  produce  these  opposite 
moments  are  situated  upon  opposite  sides  of  the  point  C,  they 
can  only  balance  or  resist  each  other  through  the  rigidity  of 
the  structure.  The  moment  of  F^  would  cause  that  portion 
of  the  structure  at  the  left  of  C  to  rotate  downwards  or  to  the 
left,  while  the  resultant  moment  of  /^„  /%,  and  E  would 
cause  that  portion  of  the  structure  to  the  right  of  C  to 
rotate  downwards  or  to  the  right.  The  effect  of  these 
opposite  resultant  moments  would  be  to  bend  the  structure 
about  the  point  C  (or  some  point  in  the  line  C  i^  in  much 
the  same  manner  that  you  would  bend  a  stick  across  your 
knee,  if  this  tendency  to  bending  were  not  resisted  by  the 
opposite  moments  developed  by  the  internal  forces  (strength) 
of  the  structure.     (See  Art.  1138.) 

1166.  The  resultant  moment,  at  any  point  in  a  struc- 
ture, of  all  the  forces  upon  either  side  of  the  point,  tending 
to  bend  the  structure  about  the  point  is  the  bending  mo- 
ment in  the  structure  at  that  point.     (See  Art.  1136.) 

This  bending  moment  is  equal  to  the  intercept  between 
the  lines  of  the  equilibrium  polygon  (drawn  through  the 
point  parallel  to  the  forces),  as  ///,  multiplied  by  the  pole 
distance. 

1167.  In  the  case  of  a  simple  structure  carrying  verti- 
cal loads  equilibrated  by  vertical  reactions,  the  lines  of  action 
of  all  the  external  forces  are  vertical,  and  the  intercepts  in 
the    equilibrium  polygon,   which    are    proportional    to  the 
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bending  moments,  are  vertical.  This  is  the  case  of  an  ordi- 
nary bridge,  girder,  beam,  joist,  or  other  structure  which 
carries  vertical  loads  and  has  vertical  supports;  it  is  the 
most  common,  as  well  as  the  most  simple  case.  The  bend- 
ing moment  at  any  point  in  such  a  structure  can  be  found 
by  the  following 

Rule. —  The  bending  moment  at  ajiy  point  equals  the  verti- 
cal intercept  in  the  equilibrium  polygon  multiplied  by  the  pole 
distance. 

1 168.  The  equilibrium  polygon  drawn  to  determine  the 
bending  moments  caused  by  vertical  forces  acting  upon  a 
structure  is  called  a  moment  dlai^ram. 

Example. — Fig.  246  represents  four  equal  loads,  Fx  =  F%=^  F%  — 
Fa  ^  200  pounds,  which  are  supported  upon  the  horizontal  beam,  and 
are  in  turn  supported,  together  with  the  beam,  by  the  vertical  reactions 
^1  and  ^a.  The  weight  of  the  beam  itself  is  not  considered.  It  is 
desired  to  ascertain  the  resultant  or  bending  moment  at  any  point,  as 
C,  a  point  at  the  center  of  the  span.  The  length  of  the  span  and  all 
distances  are  shown  in  the  figure. 

Solution. — The  figure  0-4  PO  is  the  force  diagram  in  which  the 
force  polygon  is  the  straight  line  0- 1-2-8-4-0  \  the  line  0-4,  which  repre- 
sents the  loads,  is  the  load  line  (Art.  1121),  while  the  line  in  the 
op|X)site  direction  4-^,  which  coincides  with  the  load  line  and  represents 
the  equilibrant  or  the  sum  of  the  reactions,  is  the  closing  line  of  the 
force  polygon.  In  the  present  case,  the  line  P  m,  which  divides  the 
load  line  into  the  reactions  w(?  and  4  m,  coincides  with  the  line/';?; 
the  force  diagram  might  have  been  so  drawn  that  the  line  //would 
also  have  coincided  with  P  m  and  P  2.  The  pole  distance  //=  500 
pounds.  The  polygon  abcdef  a  is  the  equilibrium  polygon; /^  is 
the  closing  line.  It  will  be  noticed  that  the  closing  line  of  the  equilib- 
rium polygon  is  simply  a  line  drawn  to  the  starting  point,  to  close  the 
polygon:  its  position  is  usually  between  the  lines  of  action  of  the 
reactions.  The  vertical  intercept  g  h  between  the  lines  of  the  equilib- 
rium polygon,  when  multiplied  by  the  pole  distance  /<^,  =  24  X  500  = 
12.000  foot-pounds,  will  equal  the  bending  moment  upon  the  beam  from 
all  the  forces  at  the  left  of  the  point  C.  For  it  has  been  shown  (Art. 
1 160)  that  the  bending  moment  of  a  force  about  any  point  is  the  pro- 
duct of  the  pole  distance  by  the  parallel  intercept  at  that  point  between 
those  two  lines  of  the  equilibrium  polygon  which  meet  upon  the  line 
of  action  of  the  force.  Remembering  this  simple  principle,  it  is  plain 
that  the  positive  moment  of  Rx  about  C --^  ^  >^  x  // =  40  x  500  -  20. 000 
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foot-pounds,  while  the  negative  moment  of  Fi  about  C=  —iky^H^ 
—12  X  500  =  —  6,000  foot-pounds,  and  the  negative  moment  of /^»  about 
C=-h  z'X  H=  -  4  X  500  =  -  2,000  foot-pounds.  But  g  k-i  k- 
h /  =  g  h,  and  the  algebraic  sum  of  g ky^H^  —  iky^H  and  —  hiy 
H  =g hx  H\  the  resultant  moment  of  ^,,  Fx,  and  F<i  about  C  is, 
therefore,  ^^X/:^=^X500  =  12,000  foot-pounds,  which  is  the  same 


7n2'" 


l^0Q_ibA....::rr^^^p    H^ 


/ 


/        Scale  of  forces  1^400  Ib^, 
/  Scale  of  distance  1^32'. 


/ 


Fig.  246. 

as  20,000  —  6,000  -  2,000  =  12,000  foot-pounds.  It  is  thus  seen  that  the 
resultant  moment  of  the  forces  at  the  left  of  C  about  that  point  equals 
the  vertical  intercept  in  the  equilibrium  polygon  at  that  point  multi- 
plied by  the  pole  distance.  The  same  can  be  shown  of  the  moments 
of  the  forces  at  the  right  of  C,  except  that  the  resultant  moment 
would  be  negative  instead  of  positive.  As  C  may  be  any  point,  the 
principle  is  perfectly  general. 
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The  student  may  solve  by  the  graphical  method  the 
examples  given  in  Art.  1 1 46. 

1 1 69.  If  a  beam  is  acted  upon  by  inclined  forces,  the 
bending  moments  resisted  by  the  beam  are  caused  by  those 
components  of  the  applied  forces  which  are  parallel  to  the 
reactions ;  the  two  reactions  being  parallel  to  each  other,  and 
the  perpendicular  distance  between  them  being  considered  as 
the  span  of  the  beam.  If  the  reactions  are  vertical  the  bend- 
ing moments  are  caused  by  the  vertical  components  of  the 
applied  forces.  In  Fig.  247,  the  inclined  forces  F^  =  600, 
F^  =  500,  /%  =  800,  and  /%  =  625,  all  in  pounds,  act  upon  the 
beam -^  G\  as  the  reactions  are  vertical,  the  bending  mo- 
ments are  caused  by  the  vertical  components  ^,,  v^^  v^,  and  v^. 

The  horizontal  components,  7/^,  A,,  A„  A^,  of  the  forces  do 
not  produce  bending  moment,  but  simply  tend  to  move  or 
slide  the  beam  to  the  right  or  left,  according  to  the  inclina- 
tion of  each  force ;  this  tendency  produces  direct  tension  and 
compression  along  different  portions  of  the  beam.  In  the 
present  case,  the  reactions  are  vertical,  and  in  order  that  the 
beams  shall  not  slide  to  the  right  or  left,  the  horizontal 
components  of  the  given  forces  must  balance  among  them- 
selves. In  the  figure,  it  is  noticed  that  the  sum  of  the 
horizontal  components  A,  and  A,  (  =  300  +  273.6  =  573.6  lb.) 
which  tends  to  move  the  beam  to  the  right  is  just  balanced 
by  the  sum  of  A,  and  A^  (  =  433  +  140.6  =  573.6  lb.)  which 
tends  to  move  it  to  the  left ;  consequently,  the  tendency  to 
cause  motion  in  one  direction  is  just  balanced  by  the  opposite 
tendency,  and  the  beam  does  not  move.  This  condition  of 
equilibrium  between  the  components  of  the  given  forces 
perpendicular  to  the  reactions  will  always  be  fulfilled,  if  the 
directions  of  the  reactions  are  parallel  to  the  equilibrant,  or 
the  closing  line  in  the  force  polygon.  In  the  force  polygon 
0'1'2-S'Jf'O^  the  equilibrant  Ji.-0  is  vertical,  indicating  that,  in 
this  case,  the  reactions,  or  at  least  the  resultant  of  the  re- 
actions, must  be  vertical.  To  draw  the  equilibrium  polygon 
that  will  determine  the  bending  moments  upon  the  beam, 
proceed  as  follows : 
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Draw  the  force  polygon  O-l-Q-S-Jf-O,  in  the  usual  manner; 
the  closing  line  Jf-0  =  %,VM).S  pounds  is  the  equilibrant. 
Project  each  side  6>-i,  1-2,  2-S,  and  3-4  of  the  force  polygon 


Scale  of  forces  1^800  lbs. 
Scale  of  distance  1^^8^ 


Fig.  947. 


upon  the  equilibrant  by  lines  drawn  through  the  vertexes 
{ly  2y  and  3)  perpendicular  to  the  equilibrant,  as  the  lines 
i-i',  2'2\  and  3-3',    The  lines  projected  upon  the  equilibrant. 
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i.  e.,  the  portions  of  the  equilibrant  cut  off  by  these  per- 
pendicular lines,  asO-l\  l'-2\  2'-S\  and 3' -4,  represent  the  com- 
ponents, parallel  to  the  equilibrant,  of  the  forces  /\,  F^,  F^, 
and  F^\  these  components  are  the  forces  which  cause  bend- 
ing moment  upon  the  beam,  and  0-1' -2' -3'- 1/,  is,  therefore, 
the  load  line  for  the  beam.  These  components  are,  in  this  case, 
vertical.  Choose  any  pole  P,  and  draw  the  rays  PO,  P  i\ 
P2\  P  3\  and  P  U  \.o  the  points  thus  determined  upon  the 
load  line.  Through  the  points  of  application  of  the  forces 
and  reactions  /?„  /'„  F^,  /^„  F^,  and  R^,  which  act  upon  the 
beam,  as  through  A^  B^  C,  D,  E,  and  6^  (written  below  the 
beam  for  convenience),  draw  lines  parallel  to  the  equilibrant 
and  of  indefinite  length.  These  lines,  A  a,  B  b,  C  c^  D  d^ 
E  e^  and  G  g,  must  be  drawn  through  the  points  of  application 
of  the  forces  and  parallel  to  the  equilibrant.  Construct  the 
equilibrium  polygon  by  drawing  between  these  parallel  lines 
the  lines  ^  b^  b  c^  c  d,  d  e^  and  e  g  parallel  to  the  rays,  and, 
finally,  draw  the  closing  line^^  to  the  starting  point.  In  the 
force  diagram,  the  line  P  m  which  divides  the  equilibrant  J^-O 
into  the  reactions  -4  ^'^  and  m  0  is  drawn  from  the  pole  to  the 
equilibrant  parallel  to  the  closing  line  g  a  oi  the  equilibrium 
polygon;  by  the  scale  of  forces  /?„  or  mO  =  944.5  pounds, 
and  R^,  or  ^  ;//  =  1,186.3  pounds.  //  is  perpendicular  to  the 
equilibrant ;  in  this  case,  it  happens  to  coincide  with  P  m. 
The  intercept  between  the  lines  of  the  equilibrium  polygon, 
from  which  the  bending  moment  at  any  point  is  obtained, 
must  be  drawn  through  the  point  and  parallel  to  the  equili- 
brant;  the  intercept  thus  drawn  for  any  point,  when  multi- 
plied by  //,  equals  the  bending  moment  at  the  point.  Thus, 
themaximum  intercept  is ^/^',  anddd'  X  //=  8.24  X  1,000= 
8,240  foot-pounds.  The  direct  compression  in  the  beam  be- 
tween F^  and  F^  is  represented  by  1-1' ;  2-2'  represents  the 
tension  in  the  beam  between  F^  and  /^„  and  3-3'  represents 
the  compression  between  F^  and  F^, 

1170.  In  Fig.  24G,  the  closing  line  of  the  equilibrium 
polygon  f  a  is  not  horizontal.  The  pointy  is  simply  a  point 
in  the  line  of  action  of  the  supporting  force  R^ ;  it  has  no 
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definite  position  with  reference  to  the  starting  point  ^,  but 
may  be  any  distance  above  or  below  a  point  horizontally  oppo- 
site to  a,  and  the  closing  liney  ^  may  have  any  inclination, 
according  to  the  position  of  the  pole  in  the  force  diagram. 
The  same  is  true  of  the  point  £-  and  the  line  ^  ^  in  Fig.  247 ; 
it  is  true  of  the  closing  line  in  any  equilibrium  polygon.  It 
is  sometimes  desired  to  draw  the  equilibrium  polygon  so 
that  the  closing  line  shall  connect  two  given  points  in  the 
lines  of  action  of  the  supporting  forces,  or  so  that  the  clo- 
sing line  shall  be  horizontal  or  have  some  desired  inclination. 
This  may  always  be  done  by  proceeding  as  in  the  following 

Example. — It  is  desired  to  construct  the  equilibrium  polygon  for 
the  forces  Fi,  F%,  /i,  and  their  reactions,  between  the  points  a  and  ^, 


Fig.  248,  which  are  points  on  the  lines  of  action  of  the  supporting 
forces  ^1  and  ^t ;  or,  in  other  words,  so  that  the  closing  line  of  the 
equilibrium  polygon  will  coincide  with  ea. 

Solution. — Lay  off  the  load  line  0-l-2-S\  choose  any  pole,  as  P^ 
and  draw  the  rays  P'  0,  F  i,  F  2^  and  F  3,  thus  forming  the  force 
diagram  0-1-2-3  F  0.  From  this  construct  the  equilibrium  polygon 
a  b'  c'  d'  e'  a  in  the  usual  manner,  and,  in  the  force  diagram,  draw  the 
line  F  m  parallel  to  the  closing  line  e  a.  The  point  m  will  divide 
the  load  line  0-3  into  the  reactions  ;;/  0  and  3  m,  without  regard  to  the 
direction  of  the  line  F  m,  which  must  differ  for  different  positions  of 
the  pole.  Through  the  point  w,  draw  a  line  of  any  length,  as  mn, 
parallel  to  the  desired  closing  line  ea  oi  the  equilibrium  polygon. 
For  a  new  pole,  choose  any  point,  as  /*,  upon  the  line  m  n ;  draw  the 
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new  rays  PO^  Pi,  PS,  and  P3,  and  construct  the  new  equilibrium 
polygon  in  the  usual  manner  by  lines  drawn  parallel  to  the  new  rays. 
The  line  e  a  will  be  the  closing  line  of  the  new  equilibrium  polygon 
abc  dea,  

EXAMPLES  FOR  PRACTICE. 

In  the  examples  of  Art.  1 1 68,  construct  the  equilibrium  polygons 
so  that  the  closing  lines  will  be  horizontal. 


1171.  When  a  load  is  distributed  uniformly  over  the 
length  of  a  structure,  it  is  divided  into  sections  of  any  con- 
venient length,  and  the  weight  of  each  section  is  considered 
to  be  concentrated  at  the  center  of  gravity  of  the  section. 
The  smaller  the  sections,  i.  e.,  the  greater  the  number  of 
sections  into  which  the  load  is  divided,  the  more  accurate 
will  be  the  results,  but  for  all  practical  purposes  it  is  not 
necessary  to  divide  the  load  into  an  inconveniently  large 
number  of  sections.  The  sections  may  be  of  equal  or 
of  unequal  length,  but  it  is  better  to  make  them  of  equal 
length  when  practicable. 

Example. — Fig.  249  represents  a  beam,  16  feet  long  between  sup- 
ports, carrying  a  uniform  load  of  960  pounds  per  foot.  The  weight  of 
the  beam  itself  is  40  pounds  per  foot.  It  is  required  to  construct  the 
equilibrium  polygon  determining  the  values  of  the  reactions  ^i  and 
^t  and  the  maximum  bending  moment  for  the  entire  load. 

Solution. — The  total  load  per  foot  supported  by  the  beam  is  960 -h 
40  =  1,000  pounds.  In  order  to  construct  the  equilibrium  polygon, 
this  uniform  load  is  considered  to  be  divided  into  sections,  each  2 
feet  long ;  the  center  of  gravity  of  each  section  is  at  the  center  of  the 
section,  and  the  weight  of  each  section  is  (960  h-  40)  X  2  =  2,000  pounds. 
There  are  eight  sections.     The  weight  of  each  section  is  laid  off  to  any 

convenient  scale,  upon  the  load  line  at  0-1,  1-2, 7-^,  the  pole  P 

is  chosen  and  the  rays  PO,  Pi,  etc.,  are  drawn  in  the  usual  manner. 
The  pole  distance  H  is  equal  to  16,000  pounds.  Beginning  at  any 
point  on  the  vertical  through  /?,,  as  a,  the  line  a^  is  drawn  parallel  to 
POXjo  intersect  the  vertical  through  the  center  of  gravity  of  the  first 
section  of  the  load ;  from  b,  the  line  be  v^  drawn  parallel  to  P 1  to 
intersect  the  vertical  through  the  center  of  gravity  of  the  next  section 
of  the  load;  from  c  the  line  cd is  drawn  parallel  to  PS  to  intersect  the 
vertical  through  the  center  of  gravity  of  the  third  section  of  the  load, 
etc.     From  /  on  the  vertical  through  the  last  section  of  load,  the  line 
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ik  is  drawn  parallel  to  the  last  ray  P8,  to  intersect  the  vertical 
through  R^y  and  finally  the  closing  line  k  a  is  drawn  joining  the  ver- 
ticals through  the  reactions.  In  the  force  diagram,  Pm  is  drawn 
parallel  to  k  a^  dividing  the  load  line  into  the  reactions  «9  z;i  =  ^t  and 
mO  —  Rx.  Measuring  to  the  scale  of  forces,  each  reaction  is  found  to 
equal  8,000  pounds.  The  maximum  intercept  is  found  to  be  at  ee\ff* 
or  any  point  between.  This  is  an  error,  for,  in  the  case  of  a  really 
uniform  load,  the  maximum  intercept  occurs  only  at  the  center.    This 
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slight  error  is  due  to  the  load  upon  each  section  having  been  considered 
as  concentrated  at  its  center  of  gravity;  if  the  number  of  sections 
were  greater,  the  error  would  be  less.  Either  e  e'  or  ff  equals  the 
maximum  intercept.  Measuring  with  the  scale  of  distances  c  c'  =f/' 
is  found  to  equal  2  feet;  therefore,  the  maximum  bendi^ig  moment 
equals  2  X  16,000  =  32,000  foot-pounds. 

From  the  preceding  we  derive  the  following  general 

Rule. — \Vhc?t  a  beam  {or  any  similar  structure)  carries  a 
uniform  load,  divide  the  beam  into  any  even  number  of  equal 
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parts  (the  more  the  better^ ;  divide  the  total  load  into  half  as 
many  parts ;  consider  the  equal  parts  of  the  load  to  be  ap- 
plied alternately  at  the  various  points  of  division  of  the  beam, 
and  treat  them  as  ordinary  concentrated  loads. 

In  the  example  given,  the  beam  is  divided  into  16  parts, 
the  load  into  8.  The  first  point  of  division  (adjacent  to 
the  support)  carries  a  weight  of  1,000  pounds;  the  next  one 
carries  no  weight ;  the  next  one  does,  etc. 

1 1 72.  The  preceding  results  may  be  readily  computed 
by  the  principles  of  moments.  It  is  evident  that  each  re- 
action equals  one-half  the  total  load.  If  the  total  load  be 
considered  concentrated  at  its  center  of  gravity,  either  as  a 
whole  or  as  divided  into  Sections,  and  the  reactions  com- 
puted by  the  principles  of  Art.  1144,  each  reaction  will 
be   found   to   equal  one-half  the  load;   one-half   the  total 

load  is  (!!i!!HlMil'  =  8,000  lb.     For  the  bending  moment 

at  any  point,  take  moments  of  the  forces  at  the  left  about 
that  point.  At  the  center,  the  positive  moment  of  the 
reaction  is  8,000  X  8  =  04,000  foot-pounds.  The  negative 
moment  of  that  portion  of  the  load  at  the  left  of  the  center 
(considering  it  to  be  concentrated  at  its  center  of  gravity) 
is  —  8,000  X  4  =  —  32,000  foot-pounds.  The  algebraic  sum 
of  these  moments  is  64,000  —  32,000  =  32,000  foot-pounds, 
which  is  the  same  as  the  result  found  graphically. 

11 73.  A  structure  which  supports  its  entire  load  or 
system  of  loads  between  two  reactions,  as  in  the  prece- 
ding example,  is  usually  known  as  a  simple  structure. 
It  is  evident  that,  in  such  a  structure,  the  two  reactions  are 
at  its  respective  ends.  By  far  the  greatest  number  of 
structures  are  of  this  class. 

But  it  is  sometimes  necessary  for  a  structure  to  extend 
beyond,  and  support  loads  beyond  one  or  both  reactions. 
The  projecting  or  overhanging  end  of  such  a  structure, 
that  is,  the  portion  of  the  structure  which  extends  beyond 
a  support,  is  known  as  a  cantilever.  Exactly  the  same 
principles    apply    in    finding    the    bending    moments    in 
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structures  having  cantilever  ends,  as  in  simple  structures. 
The  equilibrium  polygon  for  a  structure  with  cantilevers, 
although  somewhat  different  in  form  from  the  equilibrium 
polygon  drawn  for  a  simple  structure,  is  constructed  according 
to  the  same  principles  and  in  practically  the  same  manner. 

Illustration. — In  Fig.  250  is  represented  a  beam  upon 
which  are  supported  three  loads,  W^  =  1,000  pounds,  IV^  = 
800  pounds,  and  IV^  =  Q00  pounds;  the  beam  supports  one 
load,  fF^,  beyond  its  right  support.  It  is  desired  to  ascer- 
tain the  values  of  the  reactions  and  bending  moments  for 
this  condition  of  loading,  neglecting  the  weight  of  the  beam 
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itself.  Upon  the  load  line  0-1,  1-2,  and  2-3  are  laid  off  equal 
to  IV^,  IV^y  and  IV^,  respectively,  to  any  convenient  scale; 
0-1-2-3-0  is  the  polygon  of  the  external  forces  (loads  and  re- 
actions) acting  upon  the  beam.  The  pole  P  is  chosen  and 
the  rays  of  the  force  diagram  PO,  P 1,  P  2,  and  P  3  are 
drawn  in  the  usual  manner.  In  the  figure,  the  pole  distance 
N  is  made  equal  to  2,400  pounds. 

Beginning  at  any  point  on  a  vertical  line  drawn  through 
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the  left  reaction  R^,  as  the  point  a,  draw  a  b  parallel  to  PO^ 
intersecting  at  b  the  vertical  through  the  first  load  W^ ;  from 
b  draw  b  c  parallel  to  P 1,  intersecting  at  r  the  vertical  through 
W^\  from  c  draw  c  d  parallel  to  P2^  intersecting  the  vertical 
through  JF,;  from  d  draw  d  e  parallel  to  PS^  intersecting  the 
vertical  through  R^\  and  finally  draw  the  closing  line  ^  ^, 
completing  the  equilibrium  polygon.  In  the  force  diagram, 
the  line  P  in  is  drawn  parallel  to  e  a,  dividing  the  load  line 
into  the  reactions  S  m  =  R^  and  ;//  0  =  R^.  By  the  scale 
used,  /?,  =  1,500  pounds,  and  7?,  =  900  pounds.  R^+R^  = 
2,400  =  IF,  +  IV^  +  [y„  as  it  should  be. 

1 1 74.  It  will  be  well  to  notice  quite  particularly  the 
construction  of  the  equilibrium  and  force  polygons  for  the 
preceding  condition  of  loading.  Upon  the  load  line  the  loads 
are  laid  off  downwards,  beginning  with  the  load  furthest  at 
the  left  and  taking  all  the  loads  in  order,  passing  across  the 
structure  to  the  right.  Thus  0-1  is  made  equal  to  H^„  1-2 
is  made  equal  to  IF,,  and  2-3  is  made  equal  to  IV^.  It  would 
have  been  as  well  to  have  begun  with  the  load  at  the  right, 
proceeding  in  order  towards  the  left ;  and  then  to  have  be- 
gun the  equilibrium  polygon  at  some  point  on  the  vertical 
through  the  right  reaction,  drawing  the  first  line  to  the  ver- 
tical through  the  load  furthest  to  the  right.  But  it  is  custom- 
ary to  begin  with  the  forces  at  the  left,  and,  by  following 
this  custom  and  always  proceeding  in  the  same  order,  there 
will  be  less  liability  to  confusion  and  error. 

In  constructing  the  equilibrium  polygon,  therefore,  begin 
at  the  vertical  through  the  left  reaction  ^,,  and  draw  the 
first  line  a  b  parallel  to  the  first  ray  P  0,  intersecting  the 
vertical  through  the  first  load  W^\  whether  this  load  be  situ- 
ated at  the  right  or  at  the  left  of  the  reaction.  The  next  line 
b  c  is  drawn  to  the  vertical  through  the  load  next  at  the  right 
of  ^F„  or  H^„  etc. ;  the  line  parallel  to  the  last  ray  being 
drawn  between  the  vertical  through  the  load  furthest  at  the 
right  and  the  vertical  through  the  right  reaction.  The 
closing  line  of  the  equilibrium  polygon  is  drazun  between  the 
verticals  through  the  reactions. 
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11 76.  In  order  that  the  equilibrium  polygon  may  be 
properly  drawn,  the  point  on  the  load  line  to  which  a  ray  is 
drawn  must  be  common  to  (lie  between)  the  same  two  forces 
between  the  lines  of  action  of  which  is  drawn  the  line  of  the 
equilibrium  polygon  that  is  parallel  to  that  ray.  Thus,  in 
Fig.  250,  the  point  0  on  the  load  line  is  common  to  m  0, 
which  represents  R^,  and  0-1^  which  represents  W^ ;  and  in 
the  equilibrium  polygon  the  line  a  b^  which  is  drawn  parallel 
to  POy  is  drawn  between  the  lines  of  action  of  (i.  e.,  the  ver- 
ticals through)  R^  and  W\.  Again,  the  point  m  is  common  to 
the  two  reactions,  S  ;«,  which  represents  R^^  and  ;;/  (?,  which 
represents  R^ ;  the  line  ea^  which  is  parallel  to  P  m^  is  drawn 
between  the  lines  of  action  of  R^  and  R^.  The  same  is  true  of 
any  line  of  this  or  any  properly  constructed  equilibrium 
polygon;  it  connects  the  lines  of  action  of  the  same  two 
forces  between  which  the  point  lies,  to  which  the  correspond- 
ing ray  of  the  force  diagram  is  drawn.  By  observing  this 
principle,  the  equilibrium  polygon,  of  whatever  form,  may 
be  drawn  correctly. 

1176.  The  bending  moment  at  any  point  of  a  canti- 
lever or  other  structure  is  found  by  multiplying  the  intercept 
in  the  equilibrium  polygon  by  the  pole  distance  H,  The 
position  of  the  maximum  intercept  can  usually  be  determined 
by  inspection,  aided,  if  necessary,  by  a  few  measurements. 
In  a  simple  structure  it  is  always  under  a  load,  but  it  may  be 
under  some  portion  of  a  uniformly  distributed  load.  In  a 
cantilever  it  is  always  at  the  support.  In  a  structure  having 
a  cantilever  end,  as  that  shown  at  Fig.  250,  measurement 
will  determine  whether  the  intercept  is  maximum  at  a  reac- 
tion or  under  one  of  the  loads.  In  the  present  case,  it  is 
found  that  b  b'  =  2.25  feet  is  the  maximum  intercept;  there- 
fore, the  maximum  bending  moment  is  2.25x2,400  = 
5,400  foot-pounds.  The  intercept  e  e'  at  R^  equals  1  foot, 
and  the  bending  moment  at  that  point  is  1  X  2,400  = 
2,400  foot-pounds. 

1177.  It  will  be  noticed  that  at  x.  Fig.  250,  the  lines 
of  the  equilibrium  polygon  ci^oss;  at  this  point  there  can  be 
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no  intercept ;  therefore,  the  bending  moment  at  this  point 
is  zero.  At  all  points  at  the  left  of  x  the  bending  moment 
is  positive ;  while  at  all  points  at  the  right  of  x  the  bending 
moment  is  negative.  (Art.  1127.)  Imagine  a  straight  line 
to  be  stretched  along  the  top  of  an  actual  beam  loaded  as 
in  the  figure,  between  R^  and  x\  the  beam  would  be  found 
to  be  bent  or  deflected  in  such  a  manner  that  all  points  on 
it  between  R^  and  x  would  be  slightly  below  the  straight 
line.  The  bending  moment  which  tends  to  bend  a  beam  in 
this  manner  is  considered /t^j/V/V^'.  But  imagine  the  straight 
line  to  be  stretched  along  the  top  of  the  beam,  between 
x  and  W^ ;  the  beam  would  be  found  to  be  slightly  bent  in 
the  opposite  direction,  i.  e.,  so  that  all  points  along  the  top 
of  the  beam  between  x  and  IF,  would  be  slightly  above  the 
straight  line.  The  bending  moment  which  tends  to  bend  a 
beam  in  this  manner  is  considered  negative. 

The  sign  of  the  bending  moment  at  any  point  in  a  structure 
is  the  same  as  that  of  the  resultant  moment  of  the  forces  at 
the  left  of  the  point.  Thus,  when  computed  from  the  forces 
at  the  lefty  the  bending  moment  at  W^  or  fF„  Fig.  250,  is 
found  to  be  positive,  while  at  R^  it  is  found  to  be  negative, 
as  stated  above. 

The  point  x  is  sometimes  called  a  point  of  no  tending  or 
point  of  zero  moment,  but  it  is  more  commonly  known  as  a 
point  of  contraf lexure  (i.  e.,  contrary  flexure). 

1178.  When  the  equilibrium  polygon  is  constructed 
according  to  the  methods  just  given,  it  will  be  found  that 
the  tendency  of  the  bending  moments  is  to  bend  the  struc- 
ture in  the  direction  in  which  it  would  be  necessary  to  bend 
the  closing  line  in  order  to  make  it  coincide  with  the  other 
sides  of  the  polygon.  Thus,  in  Fig.  250,  the  bending  moment 
between  R^  and  the  point  of  contraflexure  x  tends  to  bend 
the  beam  downwards,  which  is  the  direction  in  which 
a  X  must  be  bent  in  order  to  make  it  coincide  with  ^,  ^,  r,  ;r ; 
the  bending  moment  between  the  point  of  contraflexure  and 
W^  tends  to  bend  the  beam  upwards,  which  is  the  direction 
in  which  x  e  must  be  bent  to  make  it  coincide  with  x  d  e. 
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The  bending  moment  is  positive  where  the  closing  line,  or 
line  drawn  towards  the  left,  is  the  upper  line  of  the  polygon, 
and  negative  where  it  is  the  lower  line  of  the  polygon.  It 
is  thus  known  that  the  bending  moment,  as  found  at  W^„  is 
positive,  or  +  5,400  foot-pounds,  while  the  bending  moment, 
as  found  at  R^^  is  negative,  or  —  2,400  foot-pounds. 

1179.  The  values  of  the  reactions  and  of  the  bending 
moments  for  the  above  mode  of  loading  can  also  be  readily 
ascertained  by  applying  the  principles  given  in  Arts.  1 1 36 
and  1142.  According  to  Art.  1142,  the  algebraic  sum 
of  the  moments  about  either  reaction  is  zero.  Therefore,  if 
moments  are  taken  about  /^„  giving  to  each  moment  its 
proper  sign  (Art.  1127),  then, 

7?,  X  20  -  1,000  X  14  -^00  X  8  +  600  X  4  =  0; 

by  performing  each  multiplication  indicated  and  transposing, 

20  R^  =  14,000  +  6,400  -  2,400,  and  R^  =  ^^J^  =  900  lb. 

^0 

Again,  by  taking  moments  about  i?„ 

-  i?,  X  20  +  1,000  X  6  +  800  X  12  +  600  X  24  =  0; 
by  multiplying,  transposing,  and  changing  signs, 

20  R^  =  6,000  -f  9,600  +  14,400,  or  R^  =  ^~^  =  1,500  lb. 

All  the  forces  acting  upon  the  structure  are  now  known, 
and  the  bending  moment  at  any  point  is  simply  the  result- 
ant moment  of  all  the  forces  upon  either  side  of  that  point. 
(Art.  1136.)  The  bending  moment  at  U\,  taking  the 
moment  of  the  force  at  the  left,  is  900x6  =  5,400  foot- 
pounds (positive).  If,  about  the  same  point,  the  moments 
of  the  forces  at  the  right  of  the  point  be  taken,  there  will  be 
800  X  6  +  600  X  18-1,500  X  14  =  4,800  +  10,800-21,000  = 
—  5,400  foot-pounds  (negative).  By  taking  moments  about 
R^f  the  resultant  moment  of  the  forces  at  the  left  is  900  X 
20  -  1,000  X  14-800  X  8  =  18,000-14,000-6,400  =-2,400 
foot-pounds  (negative),  while  the  moment  of  the  force  at  the 
right  about  the  same  point  is  600  X  4  =  2,400  foot-pounds 
(positive). 
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PRACTICAL    EXAMPLES. 

11  SO*  Example. — Fig.  251  represents  a  very  common  form 
of  crane  or  derrick.  The  members  are  designated  by  Bow's  system  of 
notation.  Assuming  the  dimensions  to  be  as  shown  and  the  load  IV 
to  be  8,000  pounds;  construct  the  stress  diagram,  determining  the 
stress  in  each  member,  the  pull  upon  the  guy  rope  B  Z>,  and  the  direc- 
tion and  amount  of  the  inclined  reaction  A  D. 

Solution. — Of  the  three  forces  which  act  upon  joint  7,  one  force, 
A  B  ox  IV,  is  known ;  the  lines  of  action  of  the  other  two  forces  are 


Scale  l^'iaOOO  lbs. 


PIO.  951. 


also  known,  for  they  are  the  internal  forces  in  the  members  of  the 
frame  B  C  and  C  A, 

The  line  a  b  is,  therefore,  drawn  parallel  to  the  direction  in  which 
the  load  A  B  acts  upon  this  joint,  or  downwards,  and  to  any  convenient 
scale  its  length  is  made  equal  to  the  magnitude  of  that  force ;  from 
b  and  a  the  lines  b  c  and  a  c  are  drawn  parallel  \,o  B  C  and  A  C,  respect- 
ively, and  the  arrow-heads  marked  as  usual  from  the  known  direction 
of  the  arrow-head  on  a  b.  For  joint  I*,  an  additional  arrow-head  is 
marked  in  a  reversed  position  and  direction  on  c b\  the  lines  c d  and 
^// are  drawn  parallel,  respectively,  X.o  C  D  and  B  D,  and  the  arrow- 
heads marked  as  usual.  For  joint  5,  additional  arrow-heads  are  marked 
in  reversed  positions  and  directions  on  <7^and  c d,  and  da  is  drawn. 
If  everything  has  been  done  properly,  a  d  will  be  parallel  to  A  D. 

The  lines  a  b,  b  d,  and  d  a  form  the  polygon  of  the  external  forces; 
as  each  external  force  acts  upon  but  one  joint,  therefore,  but  one 
arrow-head  has  been  marked  upon  each  of  these  lines.  Measuring  the 
lines  of  the  stress  diagram  to  the  same  scale  to  which  a  b  was  made 
equal  to  W,  and  noticing  the  relative  directions  of  the  arrow-heads 
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upon  each  line  which  represents  an  internal  force,  the  following  result? 
are  obtained,  in  which  +  indicates  compression,  and  —  tension : 


tfO-'-^- 


ZMX^ 


% 


Scale  1^20000  the. 

FlO.    252. 
Stress  in    A  C=a  €=-{- 16,970  lb. 
Stress  in    B  C=d  c=  —  12,650  lb. 
Stress  in    C  n  =  cd-  +    2.930  lb. 
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Pull  upon  B  D  =  bd=      13,860  lb. 
ReacUon   ADz=ad=      19.1501b. 

1181*  Example.— In  Fig.  252  is  represented  a  very  simple  form 
of  traveler,  or  traveling  crane,  which  is  sometime?  used  to  hoist  large 
bodies  into  position  in  erecting  structures.  It  is  so  constructed  that  it 
can  be  rolled  along  upon  a  track,  and  the  long  arm  projected  beyond 
the  structure. 

By  means  of  a  system  of  ropes  and  pulleys  operated  by  an  engine  at 
W^  large  weights  are  raised  at  the  outer  end  as  shown.  The  engine 
acts  as  a  counterweight,  and  more  counterweight  is  added  if  neces- 
sary. Assuming  the  dimensions  and  load  to  be  as  shown  in  the  figure, 
draw  the  stress  diagram,  determining  the  stress  in  each  member  of  the 
traveler,  and  the  amount  of  counterweight  W  necessary  to  prevent 
the  traveler  from  overturning  under  the  action  of  the  load.  The 
weight  of  the  traveler  itself  will  be  neglected. 

Solution. — In  the  figure,  ae dc\s  the  stress  diagram  for  the  forces 
acting  in  and  upon  the  frame,  drawn  to  a  scale  of  1  inch  =  20,000 
pounds.  At  joint  i,  three  forces  act ;  the  lines  of  action  of  all  three 
forces  are  known,  and  the  magnitude  and  sense  of  one  force,  the  load 
A  H,  are  known,  'ineretore,  a^  is  laid  off  vertically  downwards,  and 
its  length  is  made  equal  to  the  load  A  B  =  20,000  pounds.  The  lines 
a  rand  bcdSQ  drawn  parallel  to.^  C  and  B  C,  respectively,  and  the 
arrow-heads  marked,  starting  from  a  in  the  direction  a  b,  and  going 
around  the  triangle  back  to  a. 

For  joint  ;?,  mark  an  additional  arrow-head  on  ^<:  in  a  reversed 
direction  and  position,  and  draw  c  d  and  b  d,  parallel  to  C  D  and  B  D, 
respectively;  starting  from  c,  mark  arrow-heads  on  the  lines  in  the 
directions  given  by  the  reversed  arrow-head  on  c  b. 

For  joint  ^  mark  a  reversed  arrow-head  on  b  d,  and  draw  b  e  and  de 
parallel,  respectively,  to  B  E  and  D  E,  marking  the  arrow-heads  as 
before. 

The  magnitudes  of  all  the  internal  forces  and  of  the  counterweight 
W  have  now  been  found ;  but,  in  order  that  the  diagram  be  in  every 
way  complete  and  the  character  of  each  stress  determined  by  the  rela- 
tive directions  of  the  irrow-heads  marked  upon  the  lines,  it  will  be 
necessary  to  consider  the  forces  which  act  upon  joint  3  with  reference 
to  that  joint.  The  magnitudes  of  all  the  internal  forces  which  act  upon 
this  joint  have  been  found  in  drawing  the  polygons  for  joints  i,  jp,  and 
^,  but  the  force  in  each  member  must  act  upon  joint  ^  in  a  direction 
opposite  to  that  in  which  it  acts  upon  the  joint  at  the  opposite  end  of 
the  member ;  therefore,  additional  arrow-heads  must  be  marked  in  the 
opposite  directions  and  positions  on  the  lines  representing  the  forces 
in  the  members  at  this  meeting  joint.  The  line  e  a^  pointing  upwards, 
represents  the  reaction  A  E  or  Ri^  and  the  polygon  a  c  d  e  ais  the 
force  polygon  for  joint  S, 
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The  straight  line  a  b  e  a\%  the  polygon  of  the  external  forces  A  B, 
B  E,  and  E  A^  or  the  load  line.  The  algebraic  sum  of  the  reactions, 
QX e  a  -\-  {^—b  e\  equals  the  load  a  b. 

It  is  to  be  noticed  that  the  force  in  A  C  (=  a  c)  and  the  force  in  E  D 
(=  e  d)  are  equal.  The  other  forces  which  act  upon  joint  S  are  perpen- 
dicular to  these  forces  and  do  not  affect  them ;  therefore,  the  forces  in 
A  Cand  E  D  must  just  balance  each  other. 

By  measuring  the  lines  to  the  nearest  hundred  pounds  with  the 
scale  used  for  a  b,  and  noticing  the  relative  directions  of  the  two 
arrow-heads  which  have  been  marked  upon  each  line  representing  an 
internal  force,  it  is  found  that: 

Stress  in^  C=ac=+  40,000  lb. 
Stress  in  B  C=b  c=-  44,700  lb. 
Stress  in  C  />  =  <:  ^  -  +  60,000  lb. 
Stress  in  B  D=zbd^-  56,600  lb. 
Stress  in  n  E=(ie=-^AQ,(m  lb. 
Reaction  EA  =  ea=  60,000  lb. 
Counterweight  B  E=b  e—      40,000  lb. 

1 182«  Example.— In  Fig.  253  is  represented  a  roof  truss  acted 
upon  by  the  five  forces  Fx  =  Fi  —  Fi=  Ea  =  Ft,  =  900  pounds,  and  the 

o 
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two  vertical  reactions  Ri  and  ^,.  The  horizontal  distance  between 
any  two  adjacent  forces,  as  between  Ri  and  Fu  or  between  Fi  and  Ft, 
etc.,  is  8  feet,  and  the  center  height  of  the  truss  is  5-6  =  12  feet.  The 
truss  is  of  the  form  known  as  the  trlansular  roof  truss.  It  is 
desired  to  find  the  values  of  the  reactions  and  to  determine  the  stress 
in  each  member  of  the  truss. 

Solution. — A  diagram  of  the  truss  and  the  directions  and  positions 
of  the  forces  are  shown  in  Fig.  253.  In  the  diagram  of  the  truss,  the 
members  are  designated  by  Bow's  system  of  notation ;  the  stress  dia- 
gram is  shown  at  the  left,  the  lines  being  designated  by  letters  corre- 
sponding to  the  letters  which  in  the  diagram  of  the  truss  designate  the 
respective  members  in  which  the  forces  act.  The  polygon  of  the 
external  forces  is  first  drawn,  beginning,  for  convenience,  with  Fi, 
and  laying  off  each  force  in  order,  o  n  equal  and  parallel  to  O  N  \  ni 
equal  and  parallel  to  N I,  etc.  The  closing  line  ao  =  4,120  pounds 
represents  the  equilibrant.  or  the  sum  of  the  reactions.  That  com- 
ponent of  each  inclined  force  which  affects  the  reactions  (in  this  case 
vertical)  may  be  obtained  by  projecting  each  inclined  force  upon  the 
equilibrant  by  lines  perpendicular  to  the  latter,  as  explained  in  Art. 
1 169.  In  order  to  avoid  confusion  in  the  stress  diagram,  this  opera- 
tion is  not  shown,  but  in  the  diagram  of  the  truss  each  inclined  force 
is  represented  as  resolved  into  its  horizontal  and  vertical  components. 
(Art.  1156.)  As  the  horizontal  components  balance  (that  is.  those 
whose  directions  are  to  the  right  balance  those  whose  directions  are  to 
the  left),  it  is  evident  that  the  values  of  the  reactions  resist  the  verti- 
cal components  only.  Hence,  only  the  vertical  components  of  the 
inclined  forces  and  the  vertical  force  F^  are  used  in  computing  the 
reaction.  The  vertical  component  of  each  inclined  force  is  found  to  be 
805  pounds. 

Therefore.  /?.  =  805  ( J  h-  g)  -h  900  X  J  +  805  (^  H-  J)  =  2,060  lb., 

andi?.  =  805(l-^g)  +  900x|-f805(|  +  g)  =  2.060  lb.    /?.  + 

^,  =  4,120  lb.  =  the  equilibrant  a  o.  Therefore,  upon  the  equilibrant, 
ad  is  laid  off  upwards  equal  to  ^i  or  A  B,  and  d o  equal  Vy  Ri,  or  B O \ 
cnikeabovs,  the  complete  polygon  of  the  external  forces  acting  upon 
the  truss.  Although  the  horizontal  components  of  the  inclined  forces 
do  not  affect  the  values  of  the  reactions,  they  do  affect  the  magnitudes 
of  the  stresses  in  the  members  of  the  truss.  In  drawing  the  force 
polygon  for  each  joint  acted  upon  by  an  external  force,  the  original 
force  must  be  used.  (If  both  the  horizontal  and  vertical  components 
are  used  the  effect  will  be  the  same.) 

Of  the  three  forces  acting  on  joint  1,  the  magnitude  and  direction 
of  one  force  (the  reaction)  are  known,  and  the  lines  of  action  of  the 
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other  two  forces  are  known,  as  they  are  the  internal  forces  acting  in 
the  two  members  of  the  truss  that  connect  at  this  joint ;  the  reaction 
A  B  is  represented  by  the  line  a  b.  Therefore,  draw  /z^and  be  parallel 
to  A  C  and  B  C  respectively,  and  mark  arrow-heads  as  usual. 

For  joint  ^,  the  forces  CA  and  A  E{  =  ca  and  ae)  are  already 
known.  Mark  in  the  opposite  direction  and  position  an  additional 
arrow-head  on  ac,  and  from  c  and  e  draw  r^and  ^^  parallel,  respect- 
ively, to  C D  and  ED  (Art.  1113),  and  mark  the  arrow-heads  by 
moving  in  the  directions  e  a  (as  shown  by  arrow-head  already  marked), 
ac{diS  shown  by  reversed  arrow-head),  cd,  de. 

Of  the  forces  which  act  upon  joint  3,  the  forces  in  ^  C  and  CD  are 
now  known ;  they  are  represented  by  the  lines  b  c  and  c  d.  Therefore, 
additional  arrow-heads  are  marked  in  reversed  directions  and  p>ositions 
on  the  lines  dc  and  c  b,  and  from  b  and  d  the  lines  ^/and  ^/are  drawn 
parallel  to  B  /'and  D  F,  respectively,  and  the  arrow-heads  marked  by 
going  over  the  polygon  in  the  direction  of  the  reversed  arrow-heads 
on  dc  and  c  b. 

Of  the  forces  which  act  upon  joint  4»  the  external  force  HE  is 
known,  and  the  forces  xn  E D  and  D  F  have  been  found;  these  forces 
are  represented  by  the  lines  he^  ed,  and  df,  respectively.  Additional 
arrow-heads  are  marked  in  opposite  positions  and  directions  on  ed  and 
d/\  from  ^  and/ the  lines  Agdin^/g  are  drawn  parallel,  respectively, 
to  HG  and  FG^  and  arrow-heads  marked  as  usual. 

For  joint  5,  the  forces  in  IH{  —  ih)  and  H G{  —  kg)  are  known. 
An  additional  arrow-head  is  marked  on  ^^  with  position  and  direction 
reversed;  gk  and  ik  are  drawn  parallel,  respectively,  to  6? /Tand  IK, 
and  the  arrow-heads  marked  as  usual. 

Of  the  forces  which  act  upon  joint  G,  only  the  forces  m  B  L  and  L  K 
remain  unknown.  Additional  arrow-heads  are  marked  in  reversed 
positions  and  directions  on  kg,  g  f,  and  /  b,  and  lines  b  I  and  k  I  are 
drawn  parallel,  respectively,  to  B  L  and  K L,  and  arrow-heads  marked 
as  usual. 

The  operation  of  drawing  the  force  polygon  is  substantially  the 
same  for  each  joint,  and  for  each  remaining  joint  of  the  truss  the 
operation  will  be  readily  followed  without  being  explained  in  detail. 

For  joint  7^  n  ik  I  m  n  is  the  force  polygon ;  for  joint  8,  ml  b  pm\% 
the  polygon;  for  joint  9,  o nm  po  is  the  polygon,  diTiA  o  p b o  is  the 
polygon  for  joint  10.  This  last  polygon  completes  the  stress  diagram ; 
the  last  line  in  this  polygon  is  the  line  b  o  that  was  laid  off  equal  to 
the  reaction  R^. 

The  arrow-head  on  each  line  is  always  marked  nearer  the  end  of  the 
line  which  corresponds  to  the  point  of  application  of  the  force,  accord- 
ing to  Art.  1099. 

From  the  stress  diagram,  the  character  and  magnitude  of  the  stress 
in  each  member  of  the  truss  are  found  to  be  as  follows: 
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Stress  in  A  C-a  c  - -\-  4,610  lb. 
Stress  \n  n  C=b  r  =  -  4,120  lb. 
Stress  m  C  I)  =  c  d=  •¥  950  lb. 
Stress  \ti  D  E^e..  e  =  -h  4,290  lb. 
Stress  \iiD  F-d  f^-  750  lb. 
Stress  KnB  F^b  f=-^  3.110  lb. 
Stress  in  F  G  =/  g  - -V  1,430  lb. 
Stress  \nG  H=g  h=  +  8,260  lb. 
Stress  xnG  K^g  k=z^  2,010  lb. 
Stress  in  /  K=  t  k  =  •¥  3,260  lb. 
Stress  \nK  L  =  k  /=  +  1,430  lb. 
Stress  in  i9  Z  =  ^  /= -3.1101b. 
Stress  \TiLAf=lm  =  -'  750  lb. 
Stress  in  Af  N=  mn=  -¥  4,290  lb. 
Stress  in  M  P  =  mp  =4-950  lb. 
Stress  in  i9  Z'  =  <J  /  =  -  4,120  lb. 
Stress  in/'  0=p  ^=  +  4,610  lb. 

It  will  be  noticed  that  the  stresses  in  all  members  to  the  right  oi  G  K 
are  the  same  as  those  in  the  corresponding  members  to  the  left.  This 
might  have  been  anticipated,  since  the  loads  are  systematically  dis- 
tributed with  respect  to  G  K,  In  all  cases  of  this  kind  it  is  sufficient 
to  determine  the  stresses  in  one-half  of  the  truss  (the  center  member 
included). 

1 1 83.  For  the  following  examples,  and  for  those  given 
in  the  questions,  results  which  do  not  vary  more  than  one 
per  cent,  from  the  answers  given  will  be  considered  suffi- 
ciently accurate.  Usually,  results  between  10  and  100  pounds 
will  be  given  to  the  nearest  tenth  of  a  pound;  between  100 
and  1,000  pounds,  to  the  nearest  pound;  between  1,000  and 
10,000  pounds,  to  the  nearest  ten  pounds,  and  results  above 
10,000  pounds  will  be  given  to  the  nearest  hundred  pounds. 
For  graphical  work  it  is  always  best  to  use  as  large  a  scale 
as  may  be  convenient,  but  in  all  practical  work  the  results 
will  be  sufficiently  accurate  without  using  an  inconveniently 
large  scale,  if  the  lines  are  carefully  drawn.  In  order  to 
obtain  the  required  degree  of  accuracy  in  graphical  con- 
structions, the  lines  should  be  drawn  with  a  hard  and  well 
sharpened  pencil.  All  lines  must  be  distinct  and  must  give 
results  within  the  above  limits,  for  accuracy,  but  need  not 
be  drawn  in  ink.  Hard  pencil  lines  are  preferable  to  ink 
lines  for  extended  or  c  mplicated  graphical  work. 
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BXAMPLBS  FOR  PRACTICB. 

1.  A  beam  rests  upon  two  supports  which  are  12  feet  apart.  It 
supports  a  load  IFi  4  feet  to  the  left  of  the  left  support,  a  load  IVt 
at  the  center,  or  midway  between  the  supports,  and  a  load  IVt  4  feet 
to  the  right  of  the  right  support;  each  load  is  equal  to  600  pounds. 
Compute  {a)  the  value  of  the  left  reaction  Ri,  (b)  the  value  of  the  right 
reaction  iVa,  (c)  the  value  (magnitude  and  sign)  of  the  bending  moment, 
at  /?,.  {(i)  at  the  center,  and  {e)  at  R^.  The  weight  of  the  beam  will  be 
neglected  in  this  and  the  following  examples.  (  (a)  -\-  900  lb. 

(d)  +-9001b. 
Ans.  ^    (c)  -  2,400  ft. -lb. 
(^)  -  600  ft. -lb. 
(^)  -  2.400  ft. -lb. 

2.  Solve  the  preceding  example  by  constructing  the  equilibrium 
polygon. 

3.  In  the  above  example,  considering  the  load  IVt  to  be  removed 
from  the  center  of  the  span,  and  the  loads  IVi  and  IVi  to  remain  upon 
the  beam,  compute  the  values  (a),  (d),  (c\  (d),  and  (e). 

(a)  +  600  lb. 

(d)  -+-  600  lb. 
Ans.  -!    (c)  -  2,400  ft. -lb. 

{tf)  -  2,400  ft. -lb. 

(e)  -  2,400  ft. -lb. 

4.  Construct  the  equilibrium  polygon  for  the  conditions  given  in 
the  preceding  example,  obtaining  the  results  graphically. 

5.  Considering  the  load  H\  to  be  removed,  but  the  loads  IVi  and 
IVi  to  be  upon  the  beam  in  their  respective  positions,  compute  the 

values  {a),  (d),  {c\  {d),  and  {e),  (  (a)  -+-  1,100  lb. 

(d)  +  100  lb. 
Ans.  i    (c)  -  2.400  ft. -lb. 

(d)  +  600  ft. -lb. 

(e)  0. 

6.  Construct  the  equilibrium  polygon  for  the  preceding  example, 
obtaining  the  results  graphically. 

7.  Considering  the  loads  IVi  and  IVt  removed,  but  the  load  Wt  to 
be  upon  the  center  of  the  beam;  compute  the  values  {a),  (b\  {c\  (d\ 


and  (e). 


Ans.  ■> 


■  800  lb. 
.3001b. 


'  {a) 

(^) 
(r)0. 

{d)  -h  1,800  ft.-lb. 
I  WO 

8.     Construct  the  equilibrium  polygon  for  the  preceding  example^ 
obtaining  the  results  graphically. 
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(a\  (d),  (c),  (d\  and  {e), 

Ans. 


9.  Considering  the  loads  IV%  and  IVt  removed,  but  the  load  IVx  to 
be  in  its  position  upon  the  left  end  of  the  beam,  compute  the  values 

(a)  +  800  lb. 

(b)  -  200  lb. 
{c)  -2.400  ft. -lb. 

{d)  -  1,200  ft. -lb. 

10.  Construct  the  equilibrium  polygon  for  the  preceding  example, 
obtaining  the  results  graphically. 

11.  A  beam  15  feet  long  between  supports  weighs  40  pounds  per 
foot.  It  carries,  besides  its  own  weight,  a  uniformly  distributed  load 
of  860  pounds  per  foot  and  a  concentrated  load  IV  —  3,600  pounds,  at  a 
distance  of  5  feet  from  the  left  reaction  ^i.  Construct  the  equilibrium 
polygon  and  determine  the  value  of  {a)  the  left  reaction,  {b)  the  right 
reaction,  and  (c)  the  bending  moment  under  the  load. 

f  {a)  5,4001b. 
Ans.  \    (b)  4,200  lb. 

[  (022,000  ft. -lb. 

12.  With  the  same  beam  and  uniform  load,  but  with  the  load  IVsit 
a  distance  of  6  feet  from  the  left  reaction,  find  the  values  (n),  (b\  and 
(O  as  before.  C  (^)    5,1601b. 

Ans.  \   (b)    4,440  lb. 

[  (c)  23, 760  ft. -lb. 
18.     {a)  What  position  of  the  load  J^^upcmthe  beam  will  give  the 
gjreatest  bending   moment  ?    (b)  What  is  the  value  of  this  bending 
moment  ?    (c)  What  is  its  sign  ?  Ans.  (b)  24,750  ft.-lb. 

14.  See  Fig.  251.  Assume  the  mast  C /?  to  be  24  feet  high;  the 
member  /?  C  to  be  24  feet  long  and  horizontal  (having  the  position  of 
the  dotted  line  marked  ^-4);  the  guy  rope  B /)  making  an  angle  of 
60  degrees  with  the  vertical  mast,  as  in  the  figure,  and  the  load  IV 
remaining  the  same  (8,000  pounds).  Draw  the  stress  diagram  for  the 
derrick  under  the  above  assumptions,  determining  the  stress  in  each 
member,  the  pull  in  the  guy  rope  B  D,  and  the  amount  of  the  reaction 

Stress  in  ^  C=  4- 11,310  lb. 
Stress  in  ^  C  =  -    8,000  lb. 


AD. 

Ans. 


SI 

U 


Stress  in  C  /)  =  +    4,620  lb. 

ullin     BD=        9,240  1b. 

Reaction  AD^      14,940  lb. 
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HEAT. 

THE  PROPERTIES,  SOURCES,  AND 
MEASUREMENT  OF  HEAT. 

1080«  The  Nature  of  Heat. — As  to  the  exact  nature 
of  heat,  scientists  differ,  but  all  modern  thinkers  and  inves- 
tigators agree  that  heat  is  a  form  of  energy  y  and  that  it  is  a 
kind  of  motion.  It  is  not  purposed  here  to  enter  into  the 
different  theories  regarding  heat,  but  as  much  of  the  gen- 
erally accepted  theory  will  be  given  as  will  be  necessary  to 
make  clear  the  principles  which  are  to  follow. 

In  Art.  831  it  was  stated  that  bodies  were  composed  of 
molecules.  Notwithstanding  the  extreme  minuteness  of  the 
molecules,  they  play  a  very  important  part  in  the  modem 
theory  of  heat.  Each  molecule  attracts  the  molecules  sur- 
rounding it  in  a  manner  similar  to  the  attraction  between 
the  earth  and  bodies  near  its  surface,  only  with  an  immensely 
greater  force  in  proportion  to  their  sizes.  Without  going 
mto  any  theory  regarding  the  precise  nature  of  heat,  it  will 
be  taken  for  granted  that  each  and  every  molecule  has  a 
rapid  vibratory  motion  to  and  fro,  and  that  the  molecules 
are  kept  from  getting  beyond  a  certain  distance  from  one 
another  by  the  attractive  force  between  them.  This  at- 
tractive force  is  called  cotteslon ;  without  it,  everything 
throughout  the  universe  would  crumble  instantly  into  the 
finest  dust. 

In  Art.  846  it  was  stated  that  the  molecules  were  sup- 
posed to  be  round ;  it  is  likewise  supposed  that  they  are  at  a 
considerable  distance  apart,  compared  with  the  diameter  of 
the  molecule.  When  heat  is  applied  to  a  body  the  number 
of  these  vibrations  is  greatly  increased,  proportional  to  the 
amount  of  heat  suppliea.  In  consequence  of  this  increase, 
the  distance  through  which  a  molecule  moves  is  increased. 

For  notice  of  the  copyright,  see  pat^e  immediately  following  the  title  page. 
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and  the  force  of  cohesion  which  binds  them  together  is  less, 
ened.  If  enough  heat  is  added  to  a  solid,  the  force  of  co- 
hesion is  so  far  overcome  that  the  body  melts.  If  more  heat 
is  supplied  in  sufficient  quantity,  the  melted  body  becomes  a 
vapor,  and  so  long  as  it  is  kept  at  this  temperature  the 
force  of  cohesion  has  no  effect,  in  consequence  of  the  num- 
ber of  vibrations  having  been  so  far  increased  and  the  dis- 
tance between  any  two  molecules  having  become  too  great 
for  the  force  of  cohesion  to  act.  If  the  vapor  be  cooled,  the 
number  of  vibrations  will  decrease,  and  also  the  distance 
between  any  two  molecules ;  the  force  of  cohesion  begins  to 
act,  and  the  body  becomes  a  liquid.  If  cooled  further,  and  a 
sufficient  quantity  of  heat  is  removed — in  other  words,  if  the 
number  of  vibrations  is  so  far  decreased  that  the  molecules 
are  comparatively  near  together — the  body  becomes  a  solid 
and  remains  so  until  the  temperature  is  again  increased  to 
the  melting  point. 

1090*  If  a  body  is  heated  and  brought  near  the  hand, 
the  sensation  of  warmth  is  felt ;  if  heat  be  removed  from 
this  same  body,  and  it  is  again  brought  near  the  hand,  the 
sensation  of  cold  is  felt.  The  heat  which  thus  manifests 
itself  is  called  sensible  heat,  because  any  change  from  any 
state  to  a  hotter  or  colder  state  is  indicated  at  once  by  the 
sense  of  feeling,  or  by  the  aid  of  instruments  called  tlier- 
mometers.  The  more  sensible  heat  a  body  possesses,  the 
hotter  it  is;  the  more  sensible  heat  that  is  taken  away  from 
it,  the  colder  it  is.  

THERMOMETERS. 
1091.  The  different  states  that  a  body  is  in  according 
to  the  amount  of  sensible  heat  it  possesses  are  inaicated  by 
the  word  temperature ,  and  by  comparison  with  some 
other  body  having  the  same  amount  of  sensible  heat.  Thus, 
a  piece  of  iron  having  exactly  the  same  amount  of  sensible 
heat  as  a  piece  of  melting  ice,  is  said  to  have  the  temperature 
of  melting  ice.  If  a  piece  of  lead  has  the  same  amount  of 
sensible  heat  as  a  kettle  of  boiling  water,  it  is  said  to  have 
the  temperature  of  boiling  water,  etc. 
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1092.  Owing  to  the  imperfection  of  our  senses,  it  is 
impossible  to  determine  by  their  aid,  with  any  degree  of  ac- 
curacy, the  temperature  of  different  bodies;  hence,  for  this 
purpose,  thermometers  are  used.  In  these  instruments  the 
effects  of  heat  upon  bodies  are  made  use  of  in  obtaining 
the  temperature,  the  most  common  method  being  to  utilize  the 
expansive  effect  of  heat  upon  liquids.  Liquids  are  used  for 
ordinary  purposes  in  place  of  solids  or  gases,  because  in  the 
first  the  expansion  is  too  small,  and  in  the  second  too  great. 
Mercury  and  alcohol  are  the  only  liquids  used — the  former 
because  it  boils  only  at  a  very  high  temperature,  and  the 
latter  because  it  does  not  solidify  at  the  greatest  known  cold 
produced  by  ordinary  means. 


/r\ 


FIO.214. 


1093.  In  Fig.  214  is  shown  a  mercurial  ther. 
mometer  with  two  sets  of  graduations  on  it.  The 
one  on  the  left,  marked  7%  is  the  Fatirenlielt 
ttiermometer,  so  named  after  its  inventor,  and 
is  the  one  commonly  used  in  this  country  and  in 
England ;  the  one  on  the  right,  marked  C,  is  the 
Centlffrade  ttiermometery  and  is  used  by 
scientists  throughout  the  world,  on  account  of 
the  graduations  being  better  adapted  for  calcula- 
tions. As  will  be  seen,  the  instrument  consists  of 
a  glass  tube  having  a  bulb  at  one  end  and  closed 
at  the  other,  so  as  to  keep  the  air  out.  Before 
closing  the  upper  end,  the  tube  is  partially  filled 
with  mercury,  and  the  air  above  it  is  driven  out 
by  heating  the  mercury  to  near  its  boiling  point, 
when  the  tube  above  the  mercury  will  be  filled 
with  mercurial  vapor.  It  is  now  sealed,  and,  on 
cooling,  the  vapor  condenses  and  a  vacuum  re- 
sults. The  expansion  or  contraction  of  the  mer- 
cury, by  applying  or  withdrawing  heat  from  the 
body  with  which  the  bulb  is  in  contact,  causes  the 
highest  point  of  the  mercury  column  to  rise  or 
fall,  and,  since  for  equal  changes  of  temperature 
the  mercury  rises  or  falls  equal  distances,  thi» 
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instrument,  when  properly  made  and  graduated,  indicates 
any  change  in  temperature  with  great  accuracy. 

1094.  For  a  good  thermometer,  the  inside  diameter 
should  be  the  same  throughout  its  length.  In  order  to 
graduate  the  thermometer,  it  is  placed  in  melting  ice,  and 
the  point  to  which  the  mercurial  column  falls  is  marked 
freezing.  It  is  then  placed  in  the  steam  rising  from  water 
boiling  in  an  open  vessel,  and  the  point  to  which  the  mer- 
curial column  rises  is  marked  bolllns. 

1 095.  There  are  now  two  fixed  points,  the  freezing  point 
and  the  boiling  point.  If  it  is  desired  to  make  a  Fahrenheit 
thermometer,  the  distance  between  these  two  fixed  points  is 
divided  into  180  parts,  called  degrees.  The  freezing  point 
is  marked  32°,  and  the  boiling  point  212°.  Thirty-two  parts 
are  marked  off  from  the  freezing  point  downwards,  and  the 
last  one  is  marked  0°,  or  zero.  The  graduations  are  carried 
above  the  boiling  point  and  below  the  zero  point  as  far  as 
desired.  This  thermometer  was  invented  in  1714,  and  was 
the  first  to  come  into  general  use. 

1096.  In  graduating  a  Centigrade  thermometer,  the 
freezing  point  is  marked  0°,  or  zero,  and  the  boiling  point 
100° ;  the  distance  between  the  freezing  and  boiling  points 
is  divided  into  100  equal  parts;  these  equal  divisions  are 
carried  as  far  below  the  freezing  point  and  above  the  boiling 
point  as  desired.  The  reason  that  Fahrenheit  placed  the 
zero  point  on  his  thermometer  32°  below  freezing  was  because 
that  was  the  lowest  temperature  he  could  obtain,  and  he 
supposed  that  it  was  impossible  to  obtain  a  lower  one. 
Where  there  is  any  doubt  as  to  the  thermometer  used,  the 
first  letter  of  the  name  is  placed  after  the  degree  of  temper- 
ature. For  example,  183°  F.  means  183°  above  zero  on  the 
Fahrenheit  instrument ;  183°  C.  would  mean  183°  above  zero 
on  the  Centigrade  instrument. 

1097.  In  Russia  and  a  few  other  countries  another  in- 
strument is  used,  called  the  Reaumur  ;  the  freezing  point 
is  marked  0°,  or  zero,  and  the  boiling  point  80°,  the  space 
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between  these  two  points  being  divided  into  80  equal  parts; 
IBS'"  R.  would  mean  IBS'*  on  the  Reaumur  thermometer. 

1098.  Of  these  three  thermometers,  the  Centigrade  is 
used  the  most ;  but,  since  the  Fahrenheit  instrument  is  the 
one  in  general  use  in  this  country,  all  temperatures  given 
here  will  be  understood  to  be  in  Fahrenheit  degrees, 
unless  otherwise  stated.  In  order  to  distinguish  the  tem- 
peratures below  the  zero  point  from  those  above,  the  sign  of 
subtraction  is  placed  before  the  figures,  indicating  the  num- 
ber of  degrees  below  zero.  Thus,  —  18°  C.  would  mean 
that  the  temperature  was  18**  below  the  zero  point  on  the 
Centigrade  thermometer;  —  25.4**  F.  would  mean  25.4® 
below  zero  on  the  Fahrenheit  thermometer.  As  was  stated 
in  Art.  1056,  the  point  of  absolute  zero,  or  —460®  F., 
is  the  point  at  which  all  vibratory  motion  of  the  molecules 
ceases.  It  is  supposed  that,  at  this  temperature,  and  under 
a  heavy  pressure  so  as  to  bring  the  molecules  close  enough 
together,  even  hydrogen  would  be  solidified.  The  absolute 
zero  on  the  Centigrade  scale  is  —  273^®  C. 

1099*  The  absolute  temperature  is  the  tempera- 
ture measured  above  the  point  of  absolute  zero.  Hence,  on 
the  Fahrenheit  scale,  the  absolute  temperature  T  is  460®  +  /® 
when  /  =  the  ordinary  temperature,  and  is  above  zero.  If 
/®  is  below  zero,  its  value  is  negative,  and  the  absolute  tem-i 
perature  Tis  460®  +  (-  /®)  =  460®  -  /®. 

Throughout  the  remainder  of  this  volume,  where  temper- 
atures are  mentioned,  /  will  denote  the  ordinary  temperature 
indicated  by  the  thermometer,  and  T  the  absolute  tem- 
perature. 

Example. — ^What  are  the  absolute  temperatures  of  SIS',  83',  an(] 
-  39.2'  ? 

Solution. — Since  no  scale  is  specified,  the  Fahrenheit  is  the  one 
Intended  to  be  used. 

460''  +  212"  =T=  672\  Ans. 
460"  -f  32"  =  r=  492".  Ans. 
460"-  89.2"  =  r=  420.8".    Ans. 
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1100.  The  absolute  temperature  on  the  Centigrade 
scale  is  r=  273^^  +  /°  when  /^  is  above  zero,  or  r=  273^^ 
—  /°  when  /"*  is  below  zero. 

Example. — ^What  are  the  absolute  temperatures  corresponding  to 
100%  4%  and- 40' C? 

Solution.— 273^°  +  100**  =  r=  873^'  C. 

273^"  -   40**=^=  233i"  C. 

1101.  It  is  frequently  necessary  to  change  from  one 
scale  to  the  other.  For  example,  what  would  80°  C.  be  on 
the  Fahrenheit  scale? 

Since  the  number  of  degrees  between  the  freezing  point 
and  boiling  point  on  the  Centigrade  scale  is  100,  and  on  the 
Fahrenheit  180,  it  is  evident  that  it  F=  the  number  of 
degrees  Fahrenheit,  and  C  =  the  number  of  degrees  Centi- 
grade, that 

F:  CiilSO  :  100,  orF={U  ^=1  C'. 
Also,  C=^^F=zJ^F.     Therefore, 

1102.  To  change  Centigrade  temperatures  into  their 
corresponding  Fahrenheit  values: 

Rule. — Multiply  the  temperature  Centigrade  by  -J,  and 
add  32°;  the  result  will  be  the  temperature  Fahrenheit, 

1 103.  To  change  Fahrenheit  temperatures  into  their 
corresponding  Centigrade  values: 

Rule. — Subtract  32"^  from  the  temperature  Fahrenheit^ 
and  multiply  by  |,  and  the  result  will  be  the  temperature 
Centigrade, 

1104.  Expressing  these  two  rules  by  means  of  formu- 
las, let  t^  =  temperature  Centigrade,  and  tj>  =  temperature 
Fahrenheit.     Then, 

^/ =1^0+32%  (65-) 

and/,=  (/^-32°)f  (66.) 

Example.— Change  (a)  100"  C,  (d)  4**  C,  and  (c)  —40"  C  into  Fahren- 
heit temperatures. 

Solution.— (tf)  //  =  {  /^  4-  32  =  {  x  100  4-  32  =  212"*  K    Ans. 
(^)  /y.  =  {  X  4  -+-  32  =  39.2^  F.    Ans. 
(c)  tf  =  lx  -40  +  32  =  -40"  F.    Ans. 
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Example.— Change  (a)  60*  /^.  (d)  82«  F.,  and  (c)  -2(y  K  into  their 
corresponding  Centigrade  temperatures. 

Solution.— (rt)  /«  =(//  -  32)  f  =  (60  -  82)  f  =  15f  ^  C    Ans. 

(^)  /,  =(32  -  32)f  =  0°  C    Ans. 

(f)/^=(-20-82)f=-28J.^C    Ans. 

1105.  Since  mercury  freezes  at  —37.84°  F.  (this  corre- 
sponds to  —  38.8°  C),  some  other  means  must  be  had  to 
obtain  temperatures  below  this  point.  For  this  purpose 
alcohol  is  used  in  place  of  mercury.  This  liquid  has  never 
been  frozen  until  very  recently,  and  then  only  at  an  ex- 
tremely low  temperature.  Since  alcohol  vaporizes  at  173° 
F.,  the  boiling  point  of  water  cannot  be  marked  on  the 
alcohol  thermometer  by  heating  it  to  that  point.  The  freez- 
ing point  is  determined  as  for  mercury.  An  alcohol  and  a 
mercurial  thermometer  are  placed  in  a  vessel  containing  hot 
water  or  other  liquid,  and  the  point  to  which  the  alcohol 
column  rises  is  marked.  Suppose  that  the  point  to  which 
the  mercury  column  rises  is  marked  132°,  then  the  distance 
between  the  point  marked  and  the  freezing  point  would  be 
divided  into  132  —  32  =  100  equal  parts,  and  each  one  of 
these  parts  would  correspond  to  one  degree  on  the  mercurial 
thermometer.  These  equal  divisions  are  then  carried  below 
the  zero  point  as  far  as  it  is  desired. 

1106.  There  are  many  other  kinds  of  thermometers, 
some  of  which  depend  upon  the  expansion  and  contraction 
of  different  metals  and  gases  when  heated  and  cooled.  For 
temperatures  above  662°  F.,  the  point  at  which  mercury 
vaporizes,  other  means  are  employed  to  obtain  the  temper- 
atures.   

EXPANSION   OF  BODIES. 

1107.  The  volume  of  anybody,  solid,  liquid,  or  gas- 
eous, is  always  changed  if  the  temperature  is  changed ;  near- 
ly all  of  them  expand  when  heated,  and  contract  when 
cooled.  In  solids,  which  have  definite  figures,  the  expansion 
may  be  considered  in  three  ways,  according  to  the  con- 
ditions :    IsL — The  expansion  in  one  direction,  as  the  elonga- 
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lion  of  an  iron  bar;  this  is  called  linear  expansion. 
2d. — Surface  expansion,  where  the  area  is  increased. 
3d. — Cubical  expansion,  where  the  increase  in  the  whole 
volume  is  considered. 

1 108.  In  Fig.  215  is  shown  an  apparatus  for  exhibiting 
the  linear  expansion  of  a  solid  body.  A  metal  rod  A  is  fixed 
at  one  end  by  a  screw  B,  the   other  end  passing  freely 


Fig.  215. 

through  the  eye  C,  held  in  the  post,  and  pressing  against  the 
short  arm  of  the  indicator  K  The  rod  is  heated  as  shown, 
and  its  elongation  causes  the  indicator  to  move  along  the 
arc  D  E. 

1109.  An  illustration  of  surface  expansion  is  afforded 
nearly  every  day  in  machine  shops,  particularly  in  locomo- 
tive shops,  where  piston  rods,  crank-pins,  etc.,  are  ** shrunk 
in  "  and  tires  shrunk  on  their  centers.  In  shrinking  on  a 
tire,  it  is  bored  a  little  smaller  than  the  wheel  center.  The 
tire  is  then  heated  until  the  area  of  its  circumference  is 
expanded  enough  to  allow  it  to  slide  over  the  wheel  center. 
It  is  then  cooled  with  cold  water,  when  it  contracts,  tending 
to  regain  its  original  area,  but  is  prevented  by  reason  of  the 
wheel  center  being  a  trifle  larger.  This  causes  the  tire  to 
hug  the  center  with  immense  force  and  prevents  it  from 
coming  off. 

1 1  lO.  Cubic  expansion  may  be  illustrated  by  means  of 
a  Gravesandes'  ring.     This  consists  of  a  brass  ball  a,  Fig. 
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216,  which  at  ordinary  temperatures  passes  freely  through 
the  ring  m,  of  very  nearly  the  same  diameter.     When  the 


Fio.  216. 

ball  is  heated,  it  expands  so  much  that  it  will  no  longer  pass 
through  the  ring. 

nil.  The  expansion  of  liquids  is  clearly  shown  in  the 
mercurial  and  alcohol  thermometers.  The  expansion  of 
gases  was  treated  on  to  some  extent  in  pneumatics. 


COEFFICIENT   OF   EXPANSION. 

1 1  ]  2.  Suppose  that  the  temperature  of  the  metal  rod, 
shown  in  Fig.  215,  was  32°  F.  before  heating,  and  exactly  10 
feet  long;  that  after  the  temperature  had  been  raised  1°,  or 
to  33**,  the  bar  was  10  ft.  +  TgW^^-  long.  The  linear  expan- 
sion would  then  be  (10  ft.  +  y^Vrr  i^-)  —  10  ft.  =  yjVtt  i^-> 
and  the  ratio  between  this  expansion  and  the  original  length 
of  the  bar  would  be 

tjW:  10X12,  or  igooheo^l,  or  .000006944  : 1. 

For  every  increase  of  temperature  of  1°  this  rod  would 
elongate  .000006944  of  its  length.  This  number  .000006944, 
which  equals  the  expansion  of  the  rod  for  one  degree  rise  of 
temperature  divided  by  the  original  length,  is  called  the 
coefficient  of  linear  expansion.  Had  the  tempera- 
ture of  the  rod  been  increased  100**  instead  of  1**,  the  amount 
of  elongation  would  have  been  .000006944  X  100  =  .0006944, 
of  its  length,  or  .0006944  X  120  =  .083328",  or  ^V"-  Table 
19  contains  the  coefficients  of  expansion  for  a  number  of 
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solids,  mercury,  and  alcohol,  and  the  average  cubical  expan- 
sion of  gases.  No  liquids  are  given  except  mercury  and 
alcohol,  for  the  reason  that  the  coefficient  of  expansion  for 
liquids  is  different  for  different  temperatures. 

TABLE  19. 


Name  of  Substance. 

Linear 
Expansion. 

Surface 
Expansion. 

Cubic 
Expansion. 

Cast  Iron 

.00000617 
.00000955 
.00001037 
.00000690 
.00000686 
.00000599 
.00000702 
.00001634 
.00001410 
.00003334 
.00019259 

.00001234 
.00001910 
.00002074 
.00001390 
.00001372 
.00001198 
.00001404 
.00003268 
.00002820 
.00006668 
.00038518 

.00001850 

Copper 

Brass 

.00002864 
.00003112 

Silver ; . . . 

.00002070 

Bar  Iron 

.00002058 

Steel  (untempered) 

Steel  (tempered) 

Zinc 

.00001798 
.00002106 
.00004903 

Tin 

.00004229 

Mercury 

.00010010 

Alcohol 

.00057778 

Gases 

.00203252 

1 1 1 3.     Let  L  =  length  of  any  body ; 

/  =  amount  of  expansion  or  contraction  due 

to  heating  or  cooling  the  body ; 
A  =  area  of  any  section  of  the  body ; 
a  =  increase  or  decrease  of  area  of  the  same 

section  after  heating  or  cooling  the  body ; 
V=  volume  of  the  body; 
V  =  increase  or  decrease  in  volume  due  to 

heating  or  cooling  the  body ; 
Ci=  coefficient   of    expansion    taken    from 

column  1,  Table  19; 
C,=  coefficient     taken     from     column     2, 

Table  19; 
C,=  coefficient      taken      from     column     3, 

Table  19; 
/  =  difference    in   degrees  of  temperature 
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between  the  original  temperature  and 
the  temperature  of  the    body   after  it 
has  been  heated  or  cooled. 
Then,  l=LCj,  (67.) 

a=:AC^t,  (68.) 

V  =  V  C,  t.  (69.) 

Example. — How  much  will  a  bar  of  untempered  steel,  14  ft.  long, 
expand  if  its  temperature  is  raised  80"  ? 

Solution. — Since  only  one  dimension  is  given,  that  of  length,  linear 
expansion  only  can  be  considered.  From  Table  19  the  coefficient  of 
linear  expansion  per  unit  of  length  for  a  rise  in  temperature  of  1"  is 
found  to  be  .00000599  for  untempered  steel.  Hence,  using  formula 
67,  /=  Z  Ci  /.  and  substituting  14  X  .00000599  X  80  =  .0067088  ft,  or 
.0067088  X  12  =  .0805056  in. 

This  seems  to  be  a  very  small  amount,  but  in  engineering 
constructions,  where  long  pieces  are  rigidly  connected,  it 
must  be  taken  into  account.  If  the  cross-section  of  the 
above  bar  were  2  in.  square,  and  the  bar  was  fitted  tightly 
between  two  supports,  an  expansion  of  the  above  amount 
would  exert  a  pressure  against  the  supports  of  about  58,000 
pounds. 

Suppose  that  an  iron  rod  1^  inches  in  diameter  and  100 
feet  long  was  used  as  a  tie-rod  in  constructing  a  bridge; 
that  it  was  put  in  place  and  securely  fastened  to  two  rigid 
supports  during  a  warm  day  in  summer  when  the  tempera- 
ture in  the  sunlight  was,  say,  llO"".  On  a  cold  day  in  win- 
ter, when  the  thermometer  registered  zero,  the  amount  that 
the  bar  would  tend  to  shorten,  owing  to  this  change  in  tem- 
perature, would  be,  substituting  these  values  in  formula  67, 
.00000086  X  100  X  110  =:  .07540  ft.  =  .90552  in. 

If  this  rod  were  rigidly  secured,  so  that  it  could  neither 
stretch  nor  shorten,  it  would  then  exert  a  pull  on  the  sup- 
ports of  about  33,400  pounds. 

Example. — The  wheel  center  of  a  locomotive  driver  is  turned  to 
exactly  50"  in  diameter.  If  the  steel  tire  be  bored  49.94"  in  diameter, 
to  what  temperature  must  the  tire  be  raised  in  order  that  it  may  be 
easily  shoved  over  the  center  ?  Assume  that  the  diameter  of  the  tire 
is  expanded  to  ^^  of  an  inch  larger  than  the  center,  and  that  the 
original  temperature  is  60*. 
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Solution. — For  this  case  formula  68  may  be  used.  The  original 
diameter  of  the  tire  is  49.94  in.,  and  it  is  to  be  increased  to  50.001". 
The  area  of  a  circle  49.94"  in  diameter  is  1,958.79  sq.  in.;  area  of 
a  circle  50.001"  in  diameter  is  1,963.58  sq.  in.  The  difference  between 
them  is  1.968.58-1,958.79  =  479  sq.  in.  =  a  in  formula  68.  Hence, 
since  G  =  .00001198,  and  A  =  1,958.79,  substitute  these  values  in  a 
-AC^t,   and  4.79  =  1.958.79  X  .00001198  X  /  =  .023466  /.     Therefore, 

/  =  ■^(j^Q  =  204.125%  and  204.125'  +  60'  =  264125%    Ans. 

Note.— Owing  to  the  form  of  the  equation  here  denoted  by  formula 
68,  and  to  the  manner  in  which  the  coefficients  (7a  were  determined, 
this  example  may  be  more  easily  solved  by  means  of  formula  67, 
Thus,  regard  the  diameter  as  a  linear  dimension  and  apply  formula 
67.  Increase  in  diameter  =  1  =  50.001  —  49.94  =  .061".  L  =  49.94 
and  (7i  =  .00000599.     Substituting  .061  =  49.94  X  .00000599  X /,  or  /  = 

49.94  X^(ix)00599  =  ^''^■'^°'  ^"^  ^^'^^^  +  «"'  =  263.92».     Ans. 

The  slight  difference  in  the  two  results  is  immaterial,  and  was  to 
have  been  expected. 

Example. — ^What  is  the  decrease  in  volume  of  a  copper  cylinder  30" 
long  and  22"  in  diameter  if  cooled  from  212'  to  0',  the  measurement 
being  taken  at  a  temperature  of  70'  ? 

Solution.— 212' —  70' =  142' =  the  increase  in  temperature  above 
70'.     Use  formula  69,  v=  VC^t, 

F=  22«  X  .7854  X  80  =  11,404  cu.  in. 

V  =  11.404  X  .00002864  X  142  =  46.38  cu.  in. 

11,404  +  46.38  =  11.45038  cu.  in.  =  the  volume  at  212*. 

70'  —  0'  =  70'  =  the  difference  in  temperature. 

V  =  11.404  X  .00002864  X  70  =  22.86  cu.  in.,  nearly. 

46.38  +  22.86  =  69.24  cu.  in.     Ans, 

The  bars  of  a  furnace  must  not  be  fitted  tightly  at  their 
extremities,  but  must  be  free  at  one  end ;  otherwise,  in  ex- 
panding they  would  split  the  masonry. 

In  laying  the  rails  on  railways,  a  small  space  is  left  between 
the  successive  rails ;  for,  if  they  touched,  the  force  of  ex- 
pansion would  cause  them  to  curve  or  to  break  the  chairs. 
.  Water-pipes  are  fitted  to  one  another  by  means  of  telescope 
joints,  which  allow  room  for  expansion ;  so,  also,  are  steam 
pipes,  by  means  of  the  so-called  expansion  joints.  If  a  glass 
vessel  is  heated  or  cooled  too  rapidly,  it  cracks,  especially  if 
it  is  thick ;  the  reason  for  this  is  that,  since  glass  is  a  poor 
conductor  of  heat,  the  sides  become  unequally  heated,  and, 
consequently,  unequally  expanded,  which  causes  a  fracture. 
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1114.  It  will  be  found,  upon  trial,  that  the  three  preced- 
ing formulas  will  not  work  back ;  i.  e. ,  if  the  length  of  a 
bar,  after  it  has  been  heated,  be  found  by  formula  67,  and 
an  attempt  be  made  to  reduce  the  bar  to  its  original  length 
by  again  applying  formula  67,  and  substituting  for  /  the  same 
value  as  in  the  first  case,  the  value  obtained  for  /  will  be 
slightly  different  in  the  two  cases.  The  difference,  however, 
is  so  slight  that  it  is  neglected  in  practice.  If,  however,  the 
student  desires  to  obtain  exactly  the  same  result  in  both 
cases,  he  must  use  the  following  more  cumbersome  formula, 
in  which  /„  /„  /„  /„  are,  respectively,  the  original  and  final 
temperatures,  the  original  and  final  lengths,  and  C,  has  the 
same  value  as  in  formula  67 : 

_  ri  +  C  (/.-32n 

This  formula  is  always  used  when  calculating  the  expan- 
sion of  gases  by  substituting  F, ,  F„  and  — —  for  /„  /„  and 

C, ,  respectively.  The  results  obtained  will  be  exactly  the 
same  as  those  obtained  by  formula  58,  Art.  1054.  For, 
substituting  the  values  as  directed,  the  formula  becomes 


v.= 


492  +  /,- 

-32 

492 

492  +  /,  - 

-32 

y  = III X  V  = 

492" 


/460J^\ 


11 15.  Although,  as  stated  before,  solids  and  liquids 
expand  very  nearly  uniformly  throughout  all  ranges  of 
temperature,  water  is  a  marked  exception  to  the  general 
rule.  If  water  is  cooled  down  from  its  boiling  point,  it  con- 
tinually contracts  until  it  reaches  39.2°  F.,  when  it  begins 
to  expand,  until  it  freezes  at  32**  F.  On  the  other  hand,  if 
water  at  32**  F.  is  heated,  it  contracts  until  it  reaches  39.2° 
F.,  when  it  commences  to  expand.  Therefore,  the  density 
of  water  is  greatest  where  this  change  occurs.  The  im- 
portance of  this  exception  is  seen  in  the  fact  that  ice  forms 
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on  the  surface  of  water,  since  it  is  lighter  than  the  warmer 
body  of  water  lying  at  varying  depths  below  it.  Were  it 
not  for  this  fact,  all  the  large  bodies  of  water  would  freeze 
solid,  and  would  so  affect  the  climate  of  the  earth  that  it 
would  be  uninhabitable.  The  coefficient  of  expansion  of 
water  is  such  a  very  changeable  quantity  (varying  with  the 
temperature)  that  a  special  table  is  necessary. 

1116.  The  effect  of  heat  upon  the  expansion  of  gases 
was  treated  of  in  Arts.  1056,etc.,  and  will  not  be  repeated 
here.  It  should  be  stated,  however,  that  the  constant 
.37052,  used  in  formulas  60  and  61,  Arts.  1056  and 
1057,  has  that  value  only  for  air.  For  other  gases  it 
varies.  If  the  value  of  this  constant  for  any  gas  be  repre- 
sented by  i?,  formula  61,  Art.  1057,  becomes 
pV^RWT,  (71-) 

The  value  of  R  for  several  gases  is  given  in  Table  20. 
TABLE  20. 


Gas. 


Volume  of 
One  Pound 

at 
32**  F.  and  a 
Tension  of  1 
Atmosphere 

(14.7  lb. 
per  sq.  in.). 


Weight  of 
One  Cu.  Ft. 

at 

32**  F.  and  a 
Tension  of  1 
Atmosphere 

(14.7  lb. 
per  sq.  in.). 


R. 


Air 

Oxygen . . 
Nitrogen  . 
Hydrogen 


12.388 

11.2056 

12.7226 

178.891 


.080731b. 
.089251b. 
.0786  lb. 
.005591b. 


.37052 

.33562 

.38143 

5.34946 


Example. — What  is  the  volume  of  3  ounces  of  hydrogen  gas  having 
a  tension  of  20  pounds  per  square  inch  and  a  temperature  of  80**  ? 

Solution.— 8  ounces  =  -ft  of  a  pound.    Since  /  =  80%  T—  4«0  -f  80  = 
640^   y?  =  5. 84946  from  Table  20.      Hence,  by  formula  71,/ F=/?fr7; 

or    20F=5.84946X  A  X540  =  541.6328,    and    ^^^^^-^^ 


20 


.  =  27.08164 


cu.  ft ;  8ay»  27.082  cu.  ft    Ana. 
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Example.— What  is  the  weight  of  10  cu.  ft.  of  oxygen  having  a  tension 
of  one  atmosphere  and  a  temperature  of  60°  ? 

Solution.— By  formula  71,/  K=^  W^T.or  lOx  14.7  =  .88562X 
W  X  520.     Hence,  147  =  1744704  W, 

^"^^=i7iSo4  =  -^^^^^-  ^^ 
In  Table  19  the  coefficient  of  expansion  for  gases  was 
given  as  .00203252;  this  is  the  fraction  yfy  reduced  to  a 
decimal.  This  value  of  the  coefficient  of  expansion  is  very 
nearly  the  same  for  all  gases,  particularly  so  for  those  which 
are  very  diflScult  to  liquefy. 


BXAMPL.B8  FOR  PRACTICE. 

1.  What  are  the  absolute  temperatures  corresponding  to  (a)  120*  B-, 
(b)  120'  C,  and  {c)  120"  F.  ?  /  (a)  SSSi"  R. 

Ans.  \  {b)  893t'  C. 
(  {c)  580"  F. 

2.  Change  —  10**  R.  to  the  corresponding  Fahrenheit  and  Centigrade 
readings,  Ans.  Oi'*  F. ;  -  12^**  C. 

8.  {a)  How  much  will  an  iron  tie-rod  60  ft  long  expand  when  the 
temperature  is  raised  from  40"  to  110"  ?  {b)  Calculate,  also,  by  formula 
70.    if)  What  is  the  difference  of  the  two  results  ?  /  (a)  .845744'. 

Ans.    \  (b)  .845725^ 
(  (c)  .000019*. 

4.  To  what  temperature  must  a  steel  tire  of  59.93'  internal  diameter 
be  raised  in  order  that  its  diameter  may  be  60.0015*  ?  Original  tem- 
perature =71".  Ans.  270'. 

5.  What  is  the  volume  of  .68  lb.  of  nitrogen  gas  having  a  tension  of 
20  lb.  per  sq.  in.  and  a  temperature  of  345"  ?  Ans.  10.44  cu.  ft 


HEAT   PROPAGATION, 

1117.  Heat  is  propagated  through  matter  and  space 
in  three  different  ways — by  conduction^  by  convection^  and  by 
radiation, 

1118.  Conduction  is  the  slow  progress  of  the  vibra- 
tory motion  from  places  of  higher  to  places  of  lower  tempera- 
ture in  the  same  body.  The  rate  at  which  heat  is  conducted 
varies  greatly  with  different  substances,  the  good  conductors 
being  those  in  which  conduction  is  most  rapid,  and  the  bad 
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conductors  being  those  in  which  it  is  very  slow.  The  metals 
furnish  the  best  conductors,  and  of  these,  silver  stands  first, 
and  copper  second.  The  fluids,  both  liquid  and  gaseous, 
are  very  poor  conductors  of  heat.  Water,  for  example,  can 
be  made  to  boil  at  the  top  of  a  vessel  while  a  cake  of  ice  is 
fastened  within  a  few  inches  of  the  surface.  If  thermom- 
eters are  placed  at  different  depths,  while  water  boils  at  the 
top^  it  is  found  that  the  conduction  of  heat  downwards  is 
very  slight. 

1 1 1 9.  Representing  the  conductivity  of  silver  by  100, 
the  following  table  shows  the  conducting  power  of  a  number 
of  the  metals: 

Silver 100.0      Iron 11.9 

Copper 73.6      Steel 11.6 

Gold 53.2      Lead 8.5 

Brass 23.1      Platinum 8-4 

Zinc 19.0      Rose's  Alloy 2.8 

Tin 14.5      Bismuth 1.8 

Organic  substances  conduct  heat  poorly.  This  enables 
trees  to  withstand  great  and  sudden  changes  in  the  atmos- 
phere without  injury.  The  bark  is  a  poorer  conductor  than 
the  wood  beneath  it.  Cotton,  wool,  straw,  bran,  etc.,  are 
all  poor  conductors.  Rocks  and  earth  are  poorer  conductors 
as  the  less  dense  and  homogeneous  is  the  mass ;  hence,  the 
length  of  time  required  for  the  sun's  rays  to  penetrate  the 
earth.  The  mean  highest  temperature  of  the  air  near  the 
ground  in  Central  Europe  is  in  the  month  of  July,  but  at  a 
depth  of  from  25  to  28  feet  in  the  earth  it  is  in  the  month  of 
December. 

1120.  Convection  is  the  transfer  of  heat  by  the 
motion  of  the  heated  matter  itself.  It  can,  therefore,  take 
place  only  in  fluids  and  gases.  For  example,  as  heat  is 
applied  to  the  bottom  and  sides  of  a  vessel  of  water,  the 
densities  of  the  heated  particles  decrease,  and  they  are 
crowded  up  by  the  heavier  ones  which  take  their  places. 
There  is  thus  a  constant  circulation  going  on,  which  tends 
to  equalize  the  temperature  of  the  whole  by  bringing  the 
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hot  portions  in  contact  with  the  colder,  and  also  greatly 
facilitates  the  conduction  of  heat  among  the  molecules, 

1121.  Radiation  of  beat  is  the  communication  of 
heat  from  a  hot  body  to  a  colder  one,  across  an  intervening 
space  between  them.  The  best  example  of  radiant  heat  is 
that  received  from  the  sun,  the  intervening  space  in  this 
case  being  93,000,000  miles.  A  person  standing  in  front  of 
a  fire,  but  at  some  distance  from  it,  feels  a  sensation  of 
warmth  which  is  not  due  to  the  temperature  of  the  air,  for, 
if  a  screen  be  interposed  between  him  and  the  fire,  the  sen- 
sation immediately  ceases,  which  would  not  be  the  case  if 
the  surrounding  air  had  a  high  temperature.  Hence,  bodies 
can  send  out  rays  which  excite  heat  and  which  penetrate  the 
air  without  heating  it.  This,  of  course,  is  radiant  beat, 
and  takes  place  in  all  directions  around  the  body, 

1122«  Tbe  intensity  of  beat  radiation  from  a 
S^iven  source 

h — Varies  as  the  temperature  of  the  source, 

2. — Varies  inversely  as  the  square  of  the 
distance  from  the  source  ;  and, 

S, — Grows  less  as  the  inclination  of  the 
rays  to  the  given  radiant  surf  ace  grows  less. 

The  truth  of  all  these  laws  has  been  es- 
tablished by  careful  experiment,  and  the 
second  is  still  further  verified  by  math- 
ematical calculations. 

1 1 23.  Radiant  heat  is  transmitted  in 
a  vacuum  as  luell  as  in  air.  This  is  demon- 
strated by  the  following  experiment: 

In  the  top  of  a  glass  flask  a  thermometer 
is  fixed  in  such  a  manner  that  its  bulb 
occupies  the  center  of  the  flask.  See  Fig. 
217.  The  neck  of  the  flask  is  carefully 
narrowed  by  means  of  the  blowpipe ;  the 
Fig.  217.  flask   is   then   attached  to  an  air   pump, 

and   a  vacuum    produced    in    the     interior.      This    being 
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accomplished,  the  tube  is  sealed  at  the  narrow  part.  On 
immersing  in  hot  water,  or  on  bringing  the  flask  near  some 
hot  charcoal,  the  mercury  is  seen  to  rise  at  once.  It  can 
rise  only  by  reason  of  the  radiation  through  the  vacuum  in 
the  interior,  for  glass  is  such  a  poor  conductor  that  the  heat 
could  not  travel  with  sufficient  rapidity  through  the  sides 
of  the  flask  and  the  stem  of  the  thermometer  to  cause  this 
almost  instantaneous  rise. 

1 1 24.  The  radiating:  po^wer  of  beated  surfaces 

also  depends  very  greatly  upon  the  form,  shape,  and  the 
material  of  which  they  are  composed.  If  a  cubical  vessel, 
filled  with  hot  water,  has  one  of  its  vertical  sides  coated  with 
polished  silver,  another  with  tarnished  lead,  a  third  with 
mica,  and  the  fourth  with  lampblack,  experiment  has 
shown  that  the  radiating  power  will  be  respectively  about  in 
the  ratio  of  2.5:45:80:100,  or  that  bright  surfaces  radiate 
less  heat  than  dark  ones  having  the  same  temperature. 

In  the  same  way  it  is  found  that  the  heat-absorbing  power  of 
bodies  varies  in  a  similar  manner.  Lampblack  reflects  few  of 
the  heat  rays  which  impinge  upon  it ;  nearly  all  are  absorbed, 
while,  on  the  other  hand,  polished  silver  reflects  the  greater 
part  of  the  radiations,  and  absorbs  only  about  2^  per  cent. 

Some  substances  neither  absorb  nor  reflect  the  heat  rays 
to  any  extent,  but  transmit  nearly  all  of  them  just  as  glass 
transmits  light.  For  example,  rock  salt  reflects  less  than  8 
per  cent,  of  the  radiation  it  receives,  absorbs  almost  none, 
and  transmits  92  per  cent. 

1125.  It  will  now  be  seen  that  there  is  a  system  of 
exchange  going  on  between  heated  bodies  at  all  times, 
which  tends  to  an  equalization  of  temperature.  The  hot 
bodies  are  always  cooling,  and  the  cold  bodies  are  always 
tending  towards  a  rise  in  temperature,  so  that  heat  is 
created  only  to  be  diffused  and  apparently  lost.  That  it  is 
not  lost,  however,  will  be  shown  in  the  subsequent  pages. 

1 1 26.  Dynamical  Theory  of  Heat. — Before  going 
any  farther,  it  will  be  convenient  to  explain  here  the  view  now 
generally  taken  as  to  the  mode  in  which  heat  is  propagated 
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On  this  subject,  it  is  stated  in  Ganot's  Physics:  **A 
hot  body  is  one  whose  molecules  are  in  a  state  of  vibration. 
The  higher  the  temperature  of  a  body,  the  more  rapid  are 
these  vibrations,  and  a  diminution  in  temperature  is  but  a 
diminished  rapidity  of  the  vibrations  of  the  molecules.  The 
propagation  of  heat  through  a  bar  is  due  to  a  gradual  com- 
munication of  this  vibratory  motion  from  the  heated  part 
to  the  rest  of  the  bar.  A  good  conductor  is  one  which 
readily  takes  up  and  transmits  the  vibratory  motion  from 
molecule  to  molecule,  while  a  bad  conductor  is  one  which 
takes  up  and  transmits  the  motion  with  difficulty.  But, 
even  through  the  best  of  the  conductors,  the  propagation  of 
this  motion  is  comparatively  slow.  How,  then,  can  be  ex- 
plained the  instantaneous  perception  of  heat  when  a  screen 
is  removed  from  a  fire,  or  when  a  cloud  drifts  from  the  face 
of  the  sun  ?  In  this  case,  the  heat  passes  from  one  body  to 
another  without  affecting  the  temperature  of  the  medium 
which  transmits  it.  In  order  to  explain  these  phenomena, 
it  is  imagined  that  all  space,  the  space  between  the  planets 
and  the  stars,  as  well  as  the  interstices  in  the  hardest  crys- 
tal and  the  heaviest  metal — in  short,  matter  of  any  kind — 
is  permeated  by  a  medium  having  the  properties  of  matter 
of  infinite  tenuity,  called  ether.  The  molecules  of  a  heated 
body,  being  in  a  state  of  intensely  rapid  vibration,  communi- 
cate their  motion  to  the  ether  around  them,  throwing  it 
into  a  system  of  waves  which  travel  through  space  and  pass 
from  one  body  to  another  with  the  velocity  of  light.  When 
the  undulations  of  the  ether  reach  a  given  body,  the  motion 
is  given  up  to  the  molecules  of  that  body,  which,  in  their 
turn,  begin  to  vibrate;  that  is,  the  body  becomes  heated. 
This  process  of  this  motion  through  the  ether  is  termed 
radiation,  and  what  is  called  a  ray  of  heat  is  merely  one 
series  of  waves  moving  in  a  given  direction." 


HEAT    MEASUREMENT. 
1127.     The  Unit  of  Heat. — There  are  three  units  in 
use  for  measuring  the  quantity  of  heat  given  up  or  absorbed 
by  a  body  when  heated  or  cooled. 
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1128.  The  Brltlsli  Thermal  Unit.— TAf  amount 
of  heat  necessary  to  raise  one  pound  of  water  one  degree 
Fahrenheit  is  called  a  British  tbermal  unit  Instead  of 
writing  out  the  words  British  thermal  unit  in  full,  it 
is  customary  to  abbreviate  them  to  B.  T.  U.  Thus, 
7  pounds  of  water  raised  15*^  F.  would  equal  7  X  15  = 
105  B.  T.  U.  The  unit  of  heat  used  here  will  be  the 
B.  T.  U. 

1129.  The  Thermal  Unit. — The  amount  of  heat 
necessary  to  raise  one  pound  of  water  r  C.  is  called  a  tliet^ 
mal  unit.  Since  1°  C.  =  |  X  1°  F.,  it  follows  that  the  ther- 
mal  unit  is  ^  times  as  large  as  a  B.  T.  U.  Hence,  to  change 
*B.  T.  U.  into  thermal  units,  multiply  the  number  of  B.  T.  U. 
by  |.  To  change  thermal  units  into  B.  T.  U.,  multiply  the 
number  of  thermal  units  by  -J. 

The  thermal  unit  is  used  by  American  and  British 
scientific  writers,  as  being  better  adapted  to  their  cal- 
culations. 

1 130.  The  Calorie. — The  amount  of  heat  necessary  to 
raise  one  kilogram  of  water  i°  C,  is  called  a  calorie.  One 
kilogram  =  2.2  pounds  and  1°  C.  =-|X  l""  F. ;  hence,  a 
calorie  =  2.2  X  |  =  3.96  B.  T.  U.  The  calorie  is  used  in 
France  and  in  other  countries  using  the  metric  system  of 
weights  and  measures. 

SPECIFIC  HEAT. 
1 131«  When  equal  weights  of  two  different  substances, 
having  the  same  temperature,  are  placed  in  similar  vessels 
and  subjected  for  the  same  length  of  time  to  the  heat  of  the 
same  lamp,  or  are  placed  at  the  same  distance  in  front  of 
the  same  fire,  it  is  found  that  their  final  temperature  will 
differ  considerably ;  thus,  mercury  will  be  much  hotter  than 
water  But  as,  from  the  conditions  of  the  experiment,  they 
have  each  been  receiving  the  same  amount  of  heat,  it  is 
clear  that  the  quantity  of  heat  which  is  sufficient  to  raise 
the  temperature  of  mercury  through  a  certain  number  of 
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degrees  will  raise  the  same  weight  of  water  through  a  less 
number  of  degrees ;  in  other  words,  it  requires  more  heat  to 
raise  a  certain  weight  of  water  one  degree  than  it  does  to 
raise  the  same  weight  of  mercury  one  degree.  Conversely, 
if  the  same  quantities  of  water  and  of  mercury  at  200°  be 
allowed  to  cool  down  to  the  temperature  of  the  room,  the 
water  will  require  a  much  longer  time  for  the  purpose 
than  the  mercury;  hence,  in  cooling  through  the  same 
number  of  degrees,  water  gives  up  more  heat  than  does 
mercury. 

1132.  The  number  of  B,  T.  U.,  or  parts  of  a  B.  T.  U,, 
required  to  raise  the  temperature  of  one  pound  of  any  sub- 
stance  r  F.  is  called  the  specific  beat  of  that  substance.  It 
will  be  seen  from  the  above  definition  that  the  specific  heat 
of  a  substance  is  the  ratio  between  the  amount  of  heat 
required  to  raise  the  temperature  of  the  substance  i°,  and  the 
amount  of  heat  required  to  raise  the  temperature  of  the  same 
weight  of  water  r. 

If  the  specific  heat  of  lead  were  given  as  .0314,  it  would 
mean  that  the  amount  of  heat  required  to  raise  a  cer- 
tain weight  of  lead  1°  would  raise  the  same  weight  of 
water  only  .0314  of  I*',  or  it  would  mean  that  .0314 
B.  T.  U.  would  raise  the  temperature  of  one  pound  of 
lead  1**  F. 

Example.— The  specific  heat  of  copper  is  .0951 ;  how  many  B.  T.  U. 
will  it  take  to  raise  the  temperature  of  75  pounds  180*'  ? 

Solution.— Since  it  takes  .0951  B.  T.  U.  to  raise  1  lb.  of  copper  1*, 
it  win  take  .0951  X  75  X  180  to  raise  75  lb.  180^  Hence,  .0951  X  75  X 
180  =  1.288.85B.  T.  U.    Ans. 

1133.  In  the  example  just  given,  if  it  had  been  re- 
quired to  raise  75  lb.  of  water  180° — that  is,  from  the  freez- 
ing point  to  the  boiling  point — it  would  have  taken  75  X  180 

=  13,600  B.  T.  U.,  and   l^jZ.  =  -0951  =  the  specific  heat 

13,500 

of  copper.     The  following  is  the  formula  for   finding  the 

number  of  B.  T.  U.  required  to  raise  the  temperature  of  a 

substance  a  given   number  of  degrees,  or  for  finding  the 
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number  of  B.  T.   U.   given  up  by  a  body   in   cooling    a 
given  number  of  degrees : 

Let  PF=  weight  of  body  in  pounds; 

s  =  specific  heat  of  substance  composing  the  body; 
/  =  original  temperature  of  body ; 
/,  =  final  temperature  of  body ; 
n  =  number  of  B.  T.  U.  required,  or  given  up,  in 
changing  the  temperature  of  the  body  from  /° 
to  /,^ 
Then, 

n=  lV{i^--t)s.  (72.) 

Example. — A  piece  of  wrought  iron  weighing  81.8  lb.,  and  having  a 
temperature  of  900°,  is  cooled  to  a  temperature  of  60" ;  how  many  units 
of  heat  did  it  give  up  ?    The  specific  heat  of  wrought  iron  is  .1138. 

Solution.— Apply  formula  72,  «  =  Wijx  —  t)s.  Substituting  n  = 
31.8  (900  -  60) .  1188  =  2.992.03  B.  Ti  U.     Ans. 

If  a  body  be  cooled  from  a  temperature  /  down  to  a  tem- 
perature /,,  the  value  of  n  will  be  negative,  the  minus  sign 
indicating  that  the  body  was  cooled. 

1134«  In  the  following  table  are  given  the  specific 
heats  of  a  number  of  substances  under  constant  pressure: 

TABLE   Zl. 

80LID8. 


Copper 0.0951 

Gold 0.0324 

Wrought  Iron 0.1138 

Steel  (soft) 0.1165 

Steel  (hard) 0.1175 

Zinc 0.0956 

Brass 0.0939 

Glass : 0.1937 


Cast  Iron 0.1298 

Lead 0.0314 

Platinum 0.0324 

Silver 0.0570 

Tin 0.0562 

Ice 0.5040 

Sulphur 0.2026 

Charcoal 0.2410 


LIQUIDS. 


Water 1.0000 

Alcohol 0.7000 

Mercury 0.0333 

Benzine 0.4500 

Glycerine 0.5550 


Lead  (melted) 0.0402 

Sulphur    **      0.2340 

Tin  *'      0.0637 

Sulphuric  Acid 0.3350 

Oil  of  Turpentine. . .  .0.4260 
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Air 

Oxygen 

Nitrogen 

Hydrogen 

Superheated  Steam. 

Carbonic  Oxide 

Carbonic  Acid 


Constant  Pressure. 


0.23751 
0.21751 
0.24380 
3.40900 
0.48050 
0.24790 
0.40400 


Constant  Volume. 


0.16847 
0.15507 
0.17273 
2.41226 
0.34600 
0.17580 
0.15350 


1136«  The  reason  that  there  are  two  values  for  the 
specific  heat  of  gases  is  that  it  takes  less  heat  to  raise  the 
temperature  of  a  gas  when  the  volume  is  constant  than  when 
the  pressure  is  constant  but  the  volume  varies.  Thus,  con- 
sider a  closed  cylinder  filled  with  gas.  If  heat  be  applied, 
the  pressure  and  temperature  will  both  increase.  Denoting 
the  specific  heat  for  constant  pressure  by  Sp,  and  for  constant 
volume  by  j^,  the  number  of  heat  units  required  to  heat  the 
gas  from  r  to  /,°  will  be  .y„  W^  (7;  —  T).  If,  however,  the 
cylinder  be  imagined  to  be  fitted  with  a  f rictionless  piston, 
free  to  move  up  or  down,  and  heat  be  applied,  the  gas  will 
expand,  overcoming  a  resistance  equal  to  the  weight  of  the 
piston,  plus  the  pressure  of  the  atmosphere.  Hence,  in 
addition  to  the  heat  required  to  increase  the  vibratory 
movement  of  the  molecules,  heat  is  also  required  to 
overcome  the  outer  pressure  which  remains  constant  in  this 
case.  The  number  of  heat  units  necessary  will  then  be 
^P  J^(  T",—  7").  This  subject  will  be  more  fully  discussed  later. 

1136.  Mlxlns  Two  Bodies  of  Unequal  Temper- 
atures.— If  a  certain  quantity  of  water  having  a  temper- 
ature of  40°  be  mixed  with  a  like  quantity  having  a 
temperature  of  100°,  it  is  evident  that  the  temperature  after 
40+100 


mixing  will  be 


70**.    But,  if  5  lb.  of  water  having 


a  temperature  of  40°  be  mixed  with  5  lb.  of  copper  having  a 
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temperature  of  100°,  the  temperature  after  mixing  will  not 
be  70°.  The  resulting  temperature  may  be  found  by  the 
following  formula,  provided  there  is  no  change  of  the  state 
in  the  body  (ice  melting  into  water,  etc.): 

'-       w^s^+W^s^+W,s^  +  etc.      '        ^^"^'^ 

in  which  /  is  the  final  temperature  of  the  mixture ;  W^„  5,, 
and  /„  the  weight,  specific  heat,  and  temperature,  respec- 
tively, of  one  body;  PF„  ^,  and  /„  the  same  for  second  body; 
and  PF,,  j„  and  /„  the  same  for  a  third  body,  etc. 

Remembering  that  the  specific  heat  of  water  is  1,  and 
getting  the  specific  heat  of  copper  from  Table  20,  the  tem- 
perature /  will  be 

,      5X  IX  40  +  5  X. 0951X100      ,^  ^,o  , 

'  = 5  X  1  +  5  X. 0951 =  ^^-^^  >  ""'^'^y- 

Example. — If  21  lb.  of  water  at  a  temperature  of  52*  is  mixed 
with  40  lb.  of  water  at  a  temperature  of  160*,  what  is  the  temperature 
of  the  mixture  ? 

Solution. — Since  the  specific  heat  of  w^ater  is  1,  it  may  be  left  out, 
in  applying  formula  73,  and  the  temperature  is  found  to  be 

21  -^40 

Example. — A  copper  vessel  weighing  2  lb.  is  partly  filled  with 
water  having  a  temperature  of  80*  and  weighing  7.8  lb.  A  piece  of 
wrought  iron  weighing  3  lb.  4  oz.  and  having  a  temperature  of  780*  is 
dropped  into  this  water.     What  is  the  final  temperature  of  the  mixture  ? 

Solution. — Substituting  the  values  given  in  formula  73,  and  remem- 
bering that  the  original  temperatures  of  the  copper  vessel  and  the 
water  which  it  contains  are  the  same  (3  lb.  4  oz.  =8.25  pounds),  we 
have, 

.      2  X  .0951  X  80  +  7.8  X  80  +  3.25  X  .1138  X  780      ,,^^,  __, 

^  = 2^0951 -f  7.8  + 3.25  X. 1138 =  ^^^'^  '  ""^^^^ 

Ans. 

Example. — A  wrought-iron  ball  weighing  one  pound  is  placed  in  a 
reheating  furnace ;  when  it  has  attained  the  temperature  of  the  furnace 
it  is  taken  out  and  placed  in  a  copper  vessel  weighing  i  pound  and 
containing  exactly  2  pounds  of  water  at  a  temperature  of  75*.  Assum- 
ing that  no  water  escapes  as  steam,  and  that  the  temperature  of  the 
ball,  water,  and  vessel  after  mixing  is  156*,  what  is  the  temperature  of 
the  furnace  ? 
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Solution. — Stibstituting  the  values  given  in  formula  73, 

IfM  _  ^  X  .1138  X  /.  -I-  2  X  75  -}-  .5  X  .0951  X  75 

^^~  lX.1138-h2  +  .5x.0951  '  ^^ 

^_^      .1138  A  -h  153.56625 

^^  = 2^16135 '^^ 

156  X  2.16135  =  .1188  /,  +  158.66625. 

•  Hence,  .1188  A  =  188.60435,  or 

^   183.60485   -^,o>io   A 
'  =  — 1133   =  1.613.4'.  Ans. 

1137.  By  means  of  formula  73,  the  specific  heat  of  a 
substance  may  be  obtained. 

suppose  that  the  specific  heat  j,  be  required  and  all  of  the 
other  quantities,  including  /,  are  known.  . 

Then,  solving  the  above  equation  for  j„ 

Example. — A  silver  vessel  weighing  13  oz.  is  suspended  by  a  string; 
1  lb.  4  oz.  of  water  having  a  temperature  of  120"  is  poured  into  it.  and 
in  this  is  placed  a  piece  of  metal  weighing  14  oz.  and  having  a  temper- 
ature of  100°.  If  the  temperature  of  the  vessel  was  72",  and  the 
temperature  of  the  mixture  is  117",  what  is  the  specific  heat  of  the 
piece  of  metal  ? 

Solution. — Using  formula  74,  and  letting  IVi,  j,,  and  /,  represent, 
respectively,  the  weight,  specific  heat,  and  temperature  of  the  silver 
vessel,  IVi,  Ja,  and  /a  ditto  for  the  water,  and  IV9,  Jj,  and  /a  the  same 
for  the  piece  of  metal, 

_  IVt  Ji  (/i  -  0  +  JV^  s,  (/a  -  /)  _ 

13  X  .057(72  - 117)  +  20  X  1  (120  ~  117)  _ 
14(117-100)  "■ 
-33.345  4-60        ,,^       . 
238 =  '^'^'     ^°^ 

All  weights  must  be  reduced  to  either  pounds  or  ounces 
before  substituting. 
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BXAMPI.B8  FOR  PRACTICB. 

1.  How  many  units  of  heat  are  required  to  raise  the  temperature  of 
10  oz.  of  platinum  from  80^  to  2,000"  ?  Ans.  88.88  B.  T.  U. 

2.  In  order  to  determine  the  specific  heat  of  a  certain  alloy,  a  piece 
weighing  12J  oz.  was  heated  to  a  temperature  of  320%  and  was  then 
immersed  in  2  lb.  6  oz.  of  water  contained  in  a  lead  vessel  weighing 
4  lb.  7  oz.  The  temperature  of  the  water  and  of  the  vessel  being  70', 
what  was  the  specific  heat  of  the  alloy  if  the  temperature  of  the  mixture 
was  79"?  Ans.  .1202. 

3.  In  order  to  determine  the  temperature  of  a  chimney,  a  silver  bar 
weighing  20  oz.  is  placed  in  it  until  it  has  attained  the  same  tempera- 
ture. It  is  then  immersed  in  1  lb.  of  water  contained  in  a  brass  vessel 
weighing  10  oz.  The  temperature  of  the  vessel  and  water  being  65", 
and  of  the  mixture  98J",  what  was  the  temperature  of  the  chimney  ? 

Ans.  596". 
4    An  iron  casting  weighing  3  tons  is  cooled  from  2.100"  to  100"; 
(a)  how  many  units  of  heat  does  it  give  up?    (d)  If  all  this  heat  could 
be  utilized,  how  many  pjounds  of  coal  would  it  be  equivalent  to,  assum- 
ing that  1  lb.  of  coal  gives  out  14,500  B.  T.  U.  during  its  combustion  ? 


.        (  (a)  1,557,600  B.  T,  U. 
^^i{d)  107.421b. 


LATENT   HEAT. 

1138.  In  all  that  has  been  said  in  the  preceding  pages, 
only  the  phenomena  relating  to  sensible  heat  have  been  con- 
sidered. If  a  quantity  of  pounded  ice  at  a  temperature  of 
32°  be  put  in  a  vessel  and  held  over  the  flame  of  a  spirit 
lamp,  heat  passes  rapidly  into  the  ice  and  melts  it ;  but  a 
thermometer  resting  in  this  mixture  of  ice  and  water  shows 
no  tendency  to  rise;  it  will  remain  at  32°  until  all  of  the  ice 
has  been  melted.  Where  has  the  heat  gone  that  was  sup- 
plied to  the  ice  ?  This  question  was  first  investigated  by  Dr. 
Black,  of  Edinburgh,  in  17G0,  and  is  easily  explained  by  the 
modern  dynamical  theory  of  heat. 

Dr.  Black  took  a  pound  of  water  and  a  pound  of  ice,  both 
having  a  temperature  of  32°,  and  placed  them  in  two  vessels 
suspended  in  a  chamber  which  was  kept  at  as  nearly  a  uni- 
form temperature  as  possible.  At  the  end  of  half  an  hour 
the  temperature  of  the  water  was  39.2°,  but  the  ice  did  not 
reach  that  temperature  until  10^  hours  had  passed,  being 
melted,  of  course,  in  the  meantime.     Dr.  Black  reasonably 
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assumed  that  the  ice  rtceived  the  same  quantity  of  heat 

that  the  water  did  in  each  half-hour,  because  it  was  placed 

in  exactly  the  same  position  in  regard  to  the  surrounding 

air;  that  is  to  say,  it  received  39.2  —  32  =  7.2  units  of  heat 

every  half-hour,  or  14.4  units  every  hour,  and  14.4  X  10^  = 

151.2  units  in  lOJ-  hours.     Hence,  it  took  151.2  —  7.2  =  144 

units  of  heat  to  change  the  one  pound  of  ice  at  32°  into 

water  at  32° ;  more  accurate  determinations  have  fixed  this 

number  as  142.  G5,  and  this  value  will  be  used  in  this  volume 

whenever  the  occasion  arises  for  using  it.     If  a  pound  of 

water  having  a  temperature  of  212°  be  mixed  with  a  pound 

of  water  having  a  temperature  of  32°,   the  temperature  of 

212  -I-  32 
the  mixture  will  be ^ =  122°,  the  boiling  water  giving 

up  90°  and  the  cold  water  receiving  90°,  thus  bringing 
both  to  a  common  temperature.  If  a  pound  of  ice  at  a 
temperature  of  32°  be  mixed  with  a  pound  of  water  at  a 
temperature  of  212°,  the  temperature  of  the  mixture  will 
be  only  50.675°,  instead  of  122,  as  in  the  previous  case. 
Here,  the  water  has  given  up  212  —  50.675  —  161.325  units 
of  heat  in  order  to  bring  both  bodies  to  a  common  tem- 
perature. Since  the  temperature  of  the  ice  was  raised 
from  32°  to  50.675°,  it  follows  that  50.675-32  =  18.675 
units  of  heat  were  used  to  raise  the  temperature  of  the  ice 
after  it  had  been  melted  into  water,  and  161.325  —  18.675  = 
142.65  units  of  heat  were  necessary  to  convert  the  ice  at  32° 
into  water  of  the  same  temperature.  This  extra  number  of 
units  of  heat,  which  is  necessary  to  convert  a  solid  into  a 
liquid  of  the  same  temperature  without  raising  the  temper- 
ature of  the  solid,  is  called  the  latent  heat  of  fusion,  and 
the  temperature  at  which  this  change  of  state  in  the  body 
takes  place  is  called  the  meltlns  polnt»  or  temperature 
of  fusion.  All  solids  probably  have  a  latent  heat  of  fusion, 
the  word  probably  being  used  because  some  solids  have 
never  been  melted,  except  at  such  high  temperatures  that 
accurate  measurements  are  not  possible,  but  its  value  varies 
greatly  for  different  substances,  being  greater  for  ice  than 
for  any  other  known  so^id,  while  for  frozen  mercury  its 
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value  is  only  5.09;  that  is,  to  change  one  pound  of  frozen 
mercury  at  its  temperature  of  fusion  (—  ST.S'^F.)  into  liquid 
mercury  of  the  same  temperature  requires  only  5.09  units 
of  heat.  Now,  it  is  reasonable  to  suppose  that  if  it  requires 
142.65  units  of  heat  to  convert  a  pound  of  ice  at  32*^  into 
water  at  32°,  then  the  same  number  of  heat  units  would  be 
given  up  when  water  at  32*^  is  changed  into  ice  at  32** ;  experi- 
ment has  verified  this. 

1139.  If  water  be  heated  to  its  boiling  point  of  212*' 
under  a  constant  pressure  of  14.69  lb.  per  sq.  in.,  it  has  been 
found  by  experiment  that  it  will  require  about  966  units  of 
heat  per  pound  of  water  to  change  it  into  steam  at  212*^. 
This  extra  number  of  units  of  heat  necessary  to  convert  a 
liquid  into  a  gas,  or,  rather,  vapor,  of  the  same  temperature 
and  pressure  is  called  the  latent  lieat  of  vaporization, 
and  the  temperature  at  which  this  change  of  state  takes 
place  is  called  the  temperature  of  vaporization. 

1140.  According  to  the  modern  theory  of  heat,  the 
extra  quantity  of  heat  necessary  for  a  change  of  state  of  a 
body  is  used  in  forcing  the  molecules  of  a  body  farther  apart, 
and  in  overcoming  the  force  of  cohesion.  This  latent  heat 
is  not  lost,  but  performs  work  in  giving  additional  energy  to 
the  molecules  of  a  body,  and  it  always  reappears  when  the 
body  resumes  its  former  state.  Thus,  for  instance,  a  pound 
of  steam  under  a  pressure  of  one  atmosphere  contains  966  + 
180  =  1,146  units  of  heat  more  than  does  a  pound  of  water 
at  32°.     Hence,   if  1  lb.   of  steam  at  212°  be  mixed  with 

Ckftft 

-— —  =  5.37  lb.  of  water  at  32°,  the  temperature  of  the  mix- 
loO 

ture  will  be  exactly  212*,  or  the  boiling  point  of  water;  in 

other  words,  the  steam  raised  5.37  lb.  of  water  from  the 

freezing  point  to  the  boiling  point  without  lowering  its  own 

temperature,  by  merely  changing  from  steam  into  water. 

If  a  pound  of  water  at  a  temperature  of  32°  be  changed  into 

ice  of  the  same  temperature,   142.65  units  of  heat  will  be 

given  up  during  this  change  of  state. 
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1 1 41  •  In  the  following  table  are  given  the  temperatures 
of  fusion  and  of  vaporization,  and  the  latent  heats  of  fusion 
and  vaporization,  whenever  they  have  been  determined  with 
sufficient  accuracy : 

TABLE  22. 


Substance. 

Tempera- 
ture of 
Fusion. 

Tempera- 
ture of 
Vaporiza- 
tion. 

Latent 
Heat  of 
Fusion. 

Latent 
Heat  of 
Vaporiza- 
tion. 

Water 

32° 

—37.8° 
228.3° 
446° 
626° 
680° 
Unknown 
14° 

1,400° 
2,100° 
2,192° 
2,912° 
2,520° 
3,632° 
4,892° 

212° 
662° 
824° 

1,900° 
173° 
313° 
600° 

3,300° 
5,000° 

142.65 

5.09 

13.26 

25.65 

9.67 

50.63 

966  6 

Mercury 

157 

Sulphur 

Tin 

Lead 

Zinc 

493 

Alcohol 

372 

Oil  of  Turpentine 

Linseed  Oil 

Aluminum 

Copper 

124 

V^V|^^V/* 

Cast  Iron 

Wrought  Iron 

Steel 

Platinum 

Iridium 

The  following  example  will  show  the  purpose  of  Tables  21 
and  22 ;  their  use  will  be  further  illustrated  in  a  later  section. 

Example. — How  many  units  of  heat  will  it  be  necessary  to  use  in 
changing  12  lb.  of  ice  at  a  temperature  of  —  20**  C.  into  steam  of  212"  ? 

Solution.— By  formula  65,  //  =  f  X  —  20  -h  32  =  —  4*  F.  This  is 
equivalent  to  82'*  -h  4''  =  36°  F.  below  the  freezing  point.  In  Table  21, 
specific  heat  of  ice  was  given  as  .504;  hence,  it  will  take  12  x  36  X  .504 
=  217.728  B.  T.  U.  to  raise  the  temperature  of  12  lb.  of  ice  from  -  4° 
to  82\  To  convert  this  ice  into  water  of  82°  will  require  142.65  X  12  = 
1,711.8  B.  T.  U.  To  raise  this  water  from  82°  to  a  temperature  of  212° 
will  require  12  x  180  =  2,160  B.  T.  U.  To  convert  it  into  steam  of  212° 
will  require  966.6  X 12  =  11,599.2  B.  T.  U.  The  total  number  of  units 
of  heat  required  will  be  217.728  +  1,711.8  +  2,160  +  11,699.2  =  15,688.728 
B.T.  U.    Ans. 
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11 42*  A  solid  may  be  changed  into  a  liquid,  not  only 
by  melting  it,  but  also  by  dissolving  it,  as  salt  or  sugar  is 
dissolved  in  water.  Since  the  particles  of  the  solid  body 
must  be  torn  asunder,  in  opposition  to  the  forces  which  hold 
them  together,  it  is  reasonable  to  suppose  that  a  certain 
amount  of  heat  will  be  required  to  do  this.  That  such  is  a 
fact  may  be  easily  proven  by  any  one  having  a  thermometer. 
Put  a  thermometer  in  a  vessel  of  water,  and  leave  it  there 
until  it  indicates  the  temperature  of  the  water,  then  put  in 
some  salt  or  sugar,  and  stir  so  as  to  make  it  dissolve  more 
quickly,  and  it  will  be  found  that  the  mercury  has  fallen 
several  degrees.  In  fact,  if  any  solid  be  dissolved  in  a 
liquid  that  does  not  act  chemically  upon  it,  the  temperature 
of  the  mixture  will  be  lower  than  if  the  solid  did  not  dis- 
solve. It  is  this  principle  that  is  taken  advantage  of  in  the 
so-called  freezing  mixtures.  A  mixture  of  one  part  of 
nitrate  of  ammonia  and  one  part  of  water  will  reduce  the 
temperature  from  50°  to  4°,  a  fall  of  46°.  The  effects  are 
still  more  striking  when  both  bodies  are  solids,  one  of  which 
is. already  at  the  freezing  point.  Thus,  a  mixture  of  two 
parts  of  snow,  or  finely  pounded  ice,  and  one  part  of  com- 
mon salt,  will  reduce  the  temperature  from  50°  to  0°,  a 
range  of  50°,  while  a  mixture  of  four  parts  of  potash  and 
three  parts  of  snow,  or  pounded  ice,  will  lower  the  temper- 
ature from  32°  to  —  51°,  a  range  of  83°. 

1143.  Latent  heat  plays  an  important  part  in  every- 
day life.  It  takes  a  long  time  and  severe  cold  to  freeze  the 
water  of  a  river  to  any  depth,  even  though  the  thermometer 
goes  far  below  the  freezing  point.  This  is  because  142.65 
units  of  heat  must  be  given  up  by  every  pound  of  water, 
after  being  brought  to  the  freezing  point,  before  the  ice  can 
form.  If  it  were  not  for  this,  the  rivers,  lakes,  and  other 
bodies  of  water  would  be  frozen  solid  as  soon  as  the  water 
reached  the  freezing  point,  and  would  be  melted  as  soon  as 
the  temperature  went  above  that  point.  In  the  spring  all 
of  the  snow  on  the  hills  would  be  melted  during  a  warm  day, 
and  great  floods  would  be  the  consequence.     As  it  is,  142.65 
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units  of  heat  must  be  supplied  to  every  pound  of  snow  at  32** 
to  convert  it  into  water  at  32°. 

Example. — How  many  units  of  heat  will  it  take  to  evaporate  25  lb. 
of  mercury  from  a  temperature  of  70"  ? 

Solution. — The  temperature  of  vaporization  of  mercury  is  662**, 
and  the  specific  heat  is  .0333;  the  increase  in  tenrperature  from  70" 
will  be  662"  —  70"  =  592".  The  number  of  units  of  heat  required  wiU 
be  25  X  592  X  .0333  =  492.64  heat  units.  The  latent  heat  of  vaporiza- 
tion is  157;  hence,  492.84  +  25  X  157  =  4,417.84  B.  T.  U.  will  be  required. 
Ans.  

BXAMPI.BS  FOR  PRACTICE. 

1.  If  a  pound  of  steam  at  212"  and  7  pounds  of  ice  at  82"  are  mixed 
what  will  be  the  resulting  temperature?  Ans.  50.5". 

2.  How  many  units  of  heat  are  required  to  vaporize  10  lb.  of  mer- 
cury from  a  temperature  of  100  ?  Ans.  1,757.146  B.  T.  U. 

3.  How  many  pounds  of  oil  of  turpentine  at  60"  can  be  vaporized 
by  1  lb.  of  coal,  if  the  coal  gives  out  14,500  B.  T.  U.  during  combus- 
tion? Ans.  62.561b. 

4  How  many  pounds  of  water  at  82"  can  be  vaporized  by  1  pound 
of  coal  ?  Ans.  12.646  lb. 

5.  How  many  pounds  of  coal  are  required  to  raise  100  lb.  of 
wrought  iron  from  85"  to  its  melting  point  ?  Ans.  2.219  lb. 


SOURCES  OF  HEAT  AND  COLD. 

1 144.  Different  Sources  of  Heat. — Heat  is  derived 
from  the  following  sources:  1. — Physical  sources — that 
is,  the  radiation  of  heat  from  the  sun,  terrestrial  heat,  change 
of  state  in  bodies  and  electricity.  2. — diemlcal  sources, 
or  molecular  combinations,  more  especially  combustion. 
3.  — Mecliaiiical  sources,  comprising  friction,  percussion, 
and  pressure. 

1145.  Physical  Sources. — (1)  The  most  intense 
of  all  of  the  sources  of  heat  is  the  sun.  The  majority  of 
scientists  are  of  the  opinion  that  all  of  the  heat  received  or 
given  up  by  the  earth  has,  or  has  had,  its  source  in  the  sun. 
It  would  be  out  of  place  here  to  elucidate  this  theory  fully, 
and  the  subject  will  be  explained  as  subdivided  above.  It 
is  the  amount  of  heat  radiated  from  the  sun,  and  received  by 
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the  earth,  that  causes  the  change  of  seasons ;  that  causes 
the  water  in  the  rivers,  lakes,  and  seas  to  evaporate  and 
form  the  clouds,  to  be  again  precipitated  as  rain  or  snow. 
Without  it,  no  living  thing,  animal  or  vegetable,  could 
exist. 

(2)  The  earth  possesses  a  heat  peculiar  to  itself,  called 
terrestrial  heat.  When  a  descent  is  made  below  the  sur- 
face, the  temperature  is  found  to  gradually  increase.  This 
is  not  caused  by  the  heat  radiated  from  the  sun,  for  the 
material  comprising  the  earth  is  such  a  poor  conductor  that 
the  heat  of  the  sun's  rays  penetrates  only  a  very  short  dis- 
tance below  the  surface.  The  explanation  usually  given  for 
this  phenomenon  is  that  the  interior  of  the  earth  is  in  a 
molten  condition.  The  terrestrial  heat  exerts  but  a  slight 
effect,  not  raising  the  temperature  of  the  surface  more  than 
^  of  a  degree. 

(3)  If  a  liquid  be  poured  upon  a  finely  divided  solid,  as  a 
sponge,  flour,  starch,  roots,  etc.,  the  temperature  will  be 
increased  from  1°  to  10"^,  according  to  conditions.  This 
phenomenon  might  be  called  heat  produced  by  capillarity, 

(4)  The  heat  produced  by  a  change  of  state  has  already 
been  described ;  it  is  the  heat  given  off  when  a  body  is  con- 
verted from  a  gas  or  liquid  to  a  liquid  or  solid. 

(5)  Extremely  high  temperatures  may  be  produced  by  the 
electric   current.     By   means   of   it,    quick-lime,    firebrick, 
osmium,  porcelain,  and  several  other  substances,  which,  until' 
very  recently,  have  resisted  every  attempt  to  melt  them, 
may  be  made  to  run  like  water. 

1146*  Chemical  Sources. — ^Whenever  two  or  more 
substances  which  act  chemically  upon  one  another  are 
brought  together  and  allowed  to  combine,  heat  is  evolved. 
When  this  phenomenon  is  produced  by  oxygen  uniting  with 
carbon,  or  other  substance,  and  is  accompanied  by  light,  it  is 
called  combustion.  This  subject  will  not  be  treated  of 
here;  it  is  usually  considered  by  itself  in  works  on  chem- 
istry, steam  boilers,  and  metallurgy. 
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1147.  Medtanlcal  Sources. — (1)  The  friction  be- 
tween any  two  bodies  rubbed  together  produces  heat.  Rub- 
bing one  hand  briskly  against  the  other  will  soon  make  the 
hands  too  warm  for  comfort.  The  friction  between  a  journal 
and  its  bearing  causes  heat ;  the  heat  causes  the  journal  and 
bearing  to  expand,  the  journal  expanding  more  rapidly  on 
account  of  being  smaller  and  being  heated  more  quickly ;  the 
expansion  causes  a  greater  pressure  on  the  bearing,  produ- 
cing more  friction  and  heat.  If  the  bearing  is  not  properly 
oiled,  the  heat  will  become  so  intense  in  a  short  time  that 
the  soft  metal  in  the  bearings  will  melt.  When  shooting 
stars  strike  the  earth's  atmosphere  their  velocity  is  so  great 
(sometimes  as  high  as  150  miles  a  second)  that  the  friction 
of  the  atmosphere  causes  them  to  take  fire  almost  instantly. 
Wherever  there  is  friction,  there  is  heat. 

(2)  Heat  is  also  generated  by  percussion. 
The- repeated  blows  of  a  hammer  upon 

a  piece  of  iron,  lead,  or  other  metal,  will 
soon  make  it  quite  hot. 

(3)  The  generation  of  heat  by  pressure 
was  spoken  of  in  connection  with  gases — 
that  is,  the  temperature  rises  when  a  gas 
is  compressed.  This  is  also  true  of  solids 
and  liquids,  but  the  results  are  not  so 
marked  in  their  cases.  The  production 
of  heat  by  the  compression  of  gases  is 
easily  shown  by  means  of  the  pneumatic 
syringe  shown  in  Fig.  218.  This  consists 
of  a  glass  tube  with  thick  sides,  hermet- 
ically closed  with  a  leather  piston.  At 
the  bottom  is  a  small  cavity  in  which  a 
piece  of  cotton,  moistened  with  ether  or 
carbon  disulphide,  is  placed.  The  tube 
being  filled  with  air,  the  piston  is  suddenly 
plunged  downwards.  Thus  compressed, 
the  air  generates  so  much  heat  that  the 
cotton  is  ignited,  which  can  be  seen 
to  bum  when  the  piston    is    suddenly   withdrawn.      The 


Fig.  218. 
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ignition  of  the  cotton  in  this  experiment  indicates  a  tem- 
perature of  at  least  570°,  since  it  will  not  ignite  at  a  lower 
temperature. 

THE   PRODUCTION   OF   MECHANICAL 
WORK   BY   HEAT. 


THE  MECHANICAL  EQUIVALENT  OF  HEAT. 

1148.  From  what  has  been  previously  stated,  it  should 
now  be  evident  that  heat  is  a  kind  of  energy,  since,  when  a 
body  is  heated,  the  heat  imparted  to  it  manifests  itself  in 
giving  the  molecules  a  greater  velocity,  and  in  forcing  them 
farther  apart,  in  opposition  to  the  force  of  cohesion,  which 
tends  to  draw  them  together  and  reduce  their  velocity ;  but 
this  requires  energy,  and  heat  is  the  form  of  energy  used. 
Again,  when  a  body  is  cooled,  heat  is  given  up;  in  other 
words,  the  energy  of  the  molecules  is  lessened.  The  heat 
thus  given  up  can  be  used  to  heat  or  impart  energy  to  other 
bodies.  Since  heat  is  a  kind  of  energy,  it  is  reasonable  to 
suppose  that  there  is  some  relation  between  energy  (or  work) 
and  heat.  From  careful  experiment  it  has  been  found  that 
one  unit  of  heat  (1  B.  T.  U.)  is  equivalent  to  778  foot- 
pounds of  work — that  is,  778  foot-pounds  of  work  would  be 
required,  to  be  expended  by  friction  or  otherwise,  to  raise  a 
pound  of  water  1°  in  temperature  under  a  pressure  of  one 
atmosphere,  and  that  the  heat  given  up  by  1  pound  of  water 
in  cooling  l'^,  if  used  as  energy,  could  raise  1  pound  to  a 
height  of  778  feet,  or  778  pounds  1  foot.  This  number,  778, 
has  been  obtained  in  many  ways,  and  is  called  the  me- 
clianlcal  equivalent  of  heat.  It  is  denoted  in  all  for- 
mulas into  which  it  enters,  in  books  treating  of  heat,  by  the 
letter  J,  the  initial  letter  in  the  name  of  Dr.  Joule  who  first 
determined  its  value  with  any  degree  of  accuracy. 

1149.  The    First    Law    of   Thermodynamics. — 

Heat  is  energy^  and  has  capacity  for  doing  work  ;  the  number 
of  units  of  work  which  can  thus  be  performed  by  a  given 
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quantity  of  heat  is  proportiojial  to  the  number  of  units  of  heat 
in  that  quantity.  This  law  is  more  concisely  stated  as  fol- 
lows :  Heat  and  mecJianical  energy  are  mutually  convertible. 
For  example,  if  a  weight  of  778  pounds  be  dragged  20  feet 
along  a  horizontal  surface,  and  the  coefficient  of  friction 
between  the  weight  and  the  surface  is  .25,  the  work  alone 
will  be  778  X  20  X  .25  =  3,890  foot-pounds.  If  this  had 
been  done  in  such  a  manner  that  the  entire  movement 
could  have  taken  place  in  water,  say  an  upright  shaft  turn- 
ing in  a  pivot  bearing,  the  friction  thus  produced  could  raise 

3  890 
the  temperature  1**  of  -'^^ttt-  =  5  lb.  of  water;  or  1  lb.,  5**;  or 

7<  o 

10  lb.,  ^°,  etc.  Here,  the  mechanical  energy  necessary  to 
overcome  the  friction  was  converted  into  heat.  The 
amount  of  heat  obtainable  from  a  given  amount  of  mechan- 
ical energy  is  always  the  same,  and  is  in  the  proportion  of 
one  British  thermal  unit  to  every  778  foot-pounds  of  work. 

1 1 50.  A  fine  illustration  of  the  conversion  of  mechani- 
cal energy  into  heat  is  given  by  the  experiment  shown  in 
Fig.  219.  A  brass  tube,  about  7  in.  in  length  and  f  in.  in 
diameter,   is  attached  to  a  small  wheel,  by  means  of  a  cord 


Fig.  219. 

passing  around  this  wheel  and  a  larger  one  turned  by  a 
handle,  as  shown ;  the  tube  is  three-fourths  full  of  water,  and 
is  closed  with  a  cork.     The  tube  being  held  by  the  clamp 
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and  made  to  rotate  rapidly  by  means  of  the  larger  wheel, 
considerable  friction  is  generated,  causing  the  water  within 
the  tube  to  be  heated;  the  temperature  rapidly  increases, 
and  part  of  the  water  is  converted  into  steam,  whose  pressure 
becomes  so  great  as  to  force  out  the  cork.  Suppose  that 
the  weight  of  the  water  is  1^  oz.,  that  its  original  tempera- 
ture was  60°,  and  that  a  pressure  of  10  lb.  per  sq.  in.  was 
necessary  to  force  out  the  cork.  From  the  steam  and  water 
tables,  to  be  given  in  connection  with  the  subject  of  Steam 
and  Steam  Engines,  the  number  of  heat  units  in  a  pound  of 
water  above  a  temperature  of  32°  from  which  steam  of  10 
lb.  pressure  is  being  given  off  is  209.39,  and  the  number  of 
heat  units  in  a  pound  of  steam  of  this  pressure  above  32°  is 
1,155.1.  To  create  this  pressure,  it  can  be  shown  that  the 
weight  of  the  steam  in  the  tube  above  the  water  will  be 
about  .0005  oz. ;  hence,  the  weight  of  the  water  will  be 
1.5  —  .0005  =  1.4995  oz.     Since   1  oz.  =  ^  of  a  pound,  the 

1  4995 
numocr  of  heat  units  in  the  water  will  be  — ^j-^ —  X  209.39  = 

16 

19.6238.     The  number  of  heat  units  in  the  steam  will  be 

^^^  X  1,155.1  =  .0361,    nearly.      The   sum   is   19.6238  + 

•0361  =  19.6599.  From  the  steam  tables  above  referred  to, 
the  number  of  heat  units  in  a  pound  of  water  (above  32°) 
having  a  temperature  of  60°,  and  under  a  pressure  of  one 

1  5 

atmosphere,  is  28.00626;   in  1^  oz.   there  would  be  -tf"X 

Id 

28.00626  =  2.6256  heat  units.     Consequently,   the  number 

of  heat  units  necessary  to  be  supplied  in  order  to  blow  out 

the   cork   is  19.6599  —  2.6256  =  17.0343.       The    theoretical 

numbfer  of  foot-pounds  of  work  which  would  have  to  be 

exerted  in  turning  the  large  wheel  to  accomplish  this  result 

would    be    17.0343  X  778  =  13,252.69    foot-pounds.      The 

actual  amount  of  heat  used  would  be  greater  than  that  just 

calculated,  for  the  reason  that  some  is  lost  by  radiation  and 

conduction,  and  in  overcoming  the  friction  of  the  bearings. 

Suppose  that  enough  heat  were  lost  to  bring  the  total 

number  of  foot-pounds  of  work  up  to  15,000,  and  that  it 
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took  10  minutes  to  cause  the  cork  to  be  blown  out;  the 
number  of  foot-pounds  per  minute  would  be  — ^ —  =  1,500 

and  the  horsepower  exerted  would  be  ^  '  _  _  „  =  —  H.  P. 

1161.  Having  shown  that  mechanical  work  can  be 
changed  into  heat,  it  will  now  be  demonstrated  that  heat 
can  be  changed  into  mechanical  work.  Fig.  220  represents 
a  cylinder  A  B  partly  filled  with  gas  or  air  confined  within 
the  cylinder  by  means  of  the  piston  P,  The  gas  is  then 
under  a  pressure  of  the  atmosphere,  and  has  also  an  addi- 
tional pressure  due  to  the  weight  of  the  pis- 
ton.    If  heat  be  applied  to  the  bottom  of 

the  cylinder,  the  piston  will  gradually  rise 
in  proportion  to  the  amount  of  heat  sup- 
plied. In  expanding,  it  will  have  to  do 
work  in  order  to  raise  the  piston.  Suppose 
a  rope,  fastened  to  the  piston  and  passed 
over  a  pulley,  to  have  a  weight  on  the 
other  end  a  trifle  less  than  the  total 
pressure  of  the  atmosphere  plus  the  weight 
of  the  piston.  Now,  if  the  gas  within  the 
cylinder  be  cooled,  the  piston  will  fall,  owing 
to  the  combined  weight  of  the  piston  and 
the  pressure  of  the  atmosphere,  and  raise 
the  weight,  thus  performing  work.  In  the 
first   case,  a  certain  amount  of  heat  was  pio.  aao. 

supplied  to  the  gas  to  do  work ;  in  the  second  case,  heat  was 
taken  away  from  the  gas  (cooled)  in  order  that  work  might 
be  done.  In  both  cases  the  amount  of  work  done  was  pro- 
portional to  the  amount  of  heat  supplied  or  taken  away, 
and,  had  the  work  done  been  the  same,  the  amount  of  heat 
supplied  or  taken  away  would  also  have  been  the  same. 

1162.  When  a  body  free  to  expand  is  heated,  two 
operations  are  performed:  1.  The  temperature  is  raised 
and  its  volume  is  increased.  2.  The  body,  in  expanding, 
overcomes  the  outer  pressure,  and  thus  does  work.     The 
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coefficient  of  cubic  expansion  of  mercury  is  .0001001,  or  say 
.0001.  Suppose  that  1  cubic  foot  of  mercury  be  confined  in 
a  non-expanding  vessel,  having  a  diameter  corresponding  to 
a  circle  whose  area  is  1  sq.  ft.  The  height  of  the  mercurial 
column  will  then  be  1  ft.  Let  the  mercury  be  heated  until 
its  temperature  is  100°  higher  than  before ;  the  volume  will 
be  increased  .0001  X  100  =  .01  cu.  ft.  Since  the  area  could 
become  no  larger  (being  confined  in  a  non-expanding  vessel), 
the  column  of  mercury  must  be  .01  ft.  longer  than  it  was 
before  being  heated.  In  expanding,  the  pressure  of  the 
atmosphere  (equaling  a  weight  of  144  X  14.7  =  2,116.8  lb.) 
was  overcome  through  this  distance,  and  work  was  done 
equivalentto2,116.8X.01=21.168  foot-pounds.  The  greater 
part  of  the  heat  went  to  increase  the  temperature,  and  to 
push  the  molecules  farther  apart  against  the  force  of  co- 
hesion tending  to  pull  them  together.  This  is  called  the 
inner  work.  The  work  of  overcoming  the  outside  pres- 
sure through  a  certain  distance,  by  expanding,  is  called  the 
outer  work.  The  outer  work  for  the  above  case  was 
found  to  be  21.168  f cot-pounds;  the  inner  work  may  be 
found  as  follows :  The  specific  heat  of  mercury  under  con- 
stant pressure,  taken  from  Table  21,  is  .0333;  hence,  to 
raise  the  temperature  of  1  cu.  ft.  (  =  850  lb.)  100*"  will 
require  850  X  100  X  .0333  =  2,830.5  heat  units,  equivalent 
to  a  total  work  of  2,830.5  X  778  =  2,202,129  foot-pounds. 
Subtracting  the  outer  work,  the  inner  work  equals  2,202,129 
—  21.168  =  2,202,107.832  foot-pounds.  In  the  case  of  a 
solid  body,  this  difference  would  be  still  more  marked.  In 
fact,  the  outer  work  is  so  slight,  compared  with  the  inner 
work  in  solid  and  liquid  bodies,  that  it  is  usually  neglected, 
except  in  the  case  of  water. 

1163*  In  the  case  of  gases,  however,  the  outer  work 
plays  a  very  important  part,  as  a  little  consideration  will 
show.  Thus,  suppose  that  air  was  substituted  for  the  mer- 
cury in  the  previous  case,  and  was  prevented  from  escaping 
from  the  vessel  by  a  piston  without  weight,  as  shown  in  Fig. 
221.     Let  the  original  temperature  of  the  air  be  70'',  and  let 
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it  be  heated  until  the  temperature  is  100°  higher,  or  170°. 
The  new  volume  is  determined  by  formula  58,  Art.  1054, 

to  be  V,  =i^ii^=  1.19  cu.  ft.,  nearly.     Hence,  the  in- 

crease  =  1.19  —  1  =  .19  cu.  ft.,  and  the  piston  is  raised  .19 
ft.  The  outer  work  will  be  2,116.8  X  .19  =  402.192  foot- 
pounds. The  weight  of  a  cu.  ft.  of  air  having  a  temper- 
ature of  70°  is  found  by  formula  71,  Art.  IIIG^  p  V  = 
WR  r,  or  14.7  xl=Wx  .37052  X  630,  or 

The  specific  heat  of  air  for  constant  pressure  is  .23761; 
hence,  the  total  number  of  heat  units  required  is  .07486  X 
100  X  .23751  =  1.778  heat  units.  1.778  X 
778  =  1,383.284  foot-pounds.  Since  the  outer 
work  required  402.192  foot-pounds,  the  inner 
work  will  require  1,383.284  -  402.192  = 
981.092  foot-pounds.  This  shows  that,  in  the 
case  of  air  and  gases,  the  outer  work  is  a  little 
less  than  half  the  inner  work.  Since  the 
force  of  cohesion  has  no  perceptible  effect  in 
the  case  of  gases,  the  inner  work  tends  only 
to  raise  the  temperature,  or,  in  other  words, 
to  increase  the  vibratory  movement  of  the 
molecules.  Consequently,  if  the  piston  in 
Fig.  221  were  fastened  down,  so  that  the 
volume  of  the  gas  would  remain  the  same, 
there  would  be  no  outer  work,  and  the  total 
work  required  to  raise  the  temperature  100° 
would  be  981.092  foot-pounds,  or  to  raise  the  ^^^'  ^^• 

temperature  1°,  9.81092  foot-pounds.  The  inner  work  may 
also  be  calculated  by  using  the  specific  heat  for  constant  vol- 
ume as  directed  in  Art.  1 1 35.  Thus,  inner  work  = 
s^W{T^-  T)x  778  =  .16847  X  .07486  X  100  X  778  =  981.18 
foot-pounds.  The  slight  difference  in  results  is  due  to 
decimals. 

1164.     Some  bodies  do  not  always  expand  when  heat  is 
applied,  as,  for   example, .  water.  ^   When  water  of  32°   is 
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heated  to  33°,  its  volume  decreases,  and  this  continues  until 
a  temperature  of  39.2**  has  been  reached;  beyond  this  point, 
the  volume  increases  with  the  temperature,  and,  conse- 
quently, the  density  decreases,  since  when  the  weight 
remains  the  same,  and  the  volume  grows  larger,  the 
density  decreases.  The  reason  of  this  apparent  contradic- 
tion to  the  heat  theory  is  that  the  increase  in  density  is 
caused  by  the  pressure  of  the  atmosphere ;  the  heat  added 
to  the  water  until  the  temperature  of  39.2**  is  reached  gives 
a  freer  movement  to  the  molecules,  and  enables  the  atmos- 
pheric pressure  to  force  them  nearer  together.  If  it  were 
not  for  this  pressure,  it  would  take  more  heat  to  raise  the 
temperature  of  a  pound  of  water  1**  than  now;  this  is  evi- 
dent from  analogy  to  the  cylinder  and  piston  in  Fig.  221 ; 
when  the  piston  was  fastened  down,  it  took  far  less  heat  to 
increase  the  temperature  of  the  air  than  when  it  was  free  to 
move.  In  the  case  of  water,  the  specific  heat  varies  some- 
what with  the  pressure,  while  in  the  case  of  gases  it  is  prac- 
tically constant.  In  consequence  of  this  variation,  the  latent 
heat  of  ice  is  diminished  by  heavy  pressures — that  is,  its 
melting  point  is  lowered.  Under  a  pressure  of  13,000  atmos- 
pheres (191,100  lb.  per  sq.  in.),  ice  will  melt  at  0**  instead 
of  at  32°, 


WORK  DONE  BY  EXPANSION  OF   AIR  AND 
GASES. 

1165*  Isothermal  Expansion.  —  When  a  gas  ex- 
pands, it  does  work ;  when  it  is  compressed,  work  is  required 
to  be  done  upon  the  gas  to  compress  it.  Suppose  that  a 
certain  quantity  of  air  is  confined  in  a  vessel  having  an  area 
of  1  sq.  ft.,  and  whose  length  is  5  ft.,  plus  the  thickness  of 
the  piston,  so  that  the  piston  can  move  5  ft.  Suppose  the 
piston  to  be  in  the  position  shown  in  Fig.  222,  and  that  the 
absolute  pressure  of  the  volume  of  air  enclosed  in  the  cylin« 
der  is  100  lb.  per  sq.  in,  on  the  piston,  and  that  the  tem- 
perature is  150°.  Since  the  area  of  the  piston  is  1  sq.  ft., 
the  volume  of  the  enclosed  air  is  1  cu.  ft.     Now,  let  this  air 
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expand,  and  keep  the  temperature  constant  by  adding  heat 
to  it.  The  piston  will  move  ahead ;  the  atmospheric  pres- 
sure upon  it  will  be  overcome  through  the 
distance  it  moves;  the  volume  of  the  air 
will  increase  and  the  pressure  decrease, 
according  to  Mariotte*s  law.  When  the 
piston  has  moved  1  ft.,  the  volume  will  be 
2  cu.  ft. ,  and  the  pressure  is  found  by  the 
formula/,  z\  =/,  i/„  to  be  100  X  1  =/,  X 
2,  or/,  =  50  lb.  per  sq.  in.  When  the  pis- 
ton has  moved  2  ft.,  the  pressure  is  — ^ 
=  33|lb.  per  sq.  in.,  etc. 

1 1 56.  To  show  the  effects  of  this  ex- 
pansion upon  the  pressure  and  volume 
graphically,  two  indefinite  straight  lines 
are  drawn  at  right  angles  to  each  other,  fig.  222. 

as  (9  F  and  O  Jf,  in  Fig.  223.  Any  line  drawn  from  O  XpsLV- 
allel  to  O  Y  is  called  an  ordinate.  Choose  a  convenient 
scale,  say  1  in.  =  1  cu.  ft. ,  and  lay  off  (9  Z  =  1  in.  =  1  ft.  of 
cylinder  length  =  1  cu.  ft.  of  cylinder  volume  =  the  volume 
of  air  admitted  at  full  pressure  before  expanding.  Make  O  F 
=  5  in.  =  the  total  travel  of  the  piston  =  the  total  volume 
after  the  piston  has  reached  the  end  of  the  cylinder.  Now, 
choose  another  scale  to  represent  the  pressures,  say  1  in.  = 
20  lb.  The  length  of  a  line  representing  100  lb.  would  be 
100 
20 


=  5  in.     Lay  off  this  distance  on  O  F,  thus  locating  the 


point  H,  The  pressure  is  100  lb.  per  sq.  in.  throughout  the 
distance  O  L ;  hence,  drawing  H  M  parallel  to  O  X,  it  is 
evident  that  any  ordinate  measured  from  O  X  to  this  line, 
with  a  scale  of  1'  =  20  lb.,  will  equal  100  lb.  pressure  per  sq. 
in.  When  the  piston  reaches  the  point  Z,  no  more  air  is 
admitted,  and  as  it  begins  to  move  away  from  the  position 
A  Z,  the  pressure  begins  to  fall,  the  volume  increasing  in 
proportion  to  the  distance  of  the  piston  from  O  Y.  The 
pressures  corresponding  to  a  number  of  different  positions 
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of  the  piston,  calculated  by  the  formula  p  v^p^  7\  =/,  v^ 
etc. ,  are  as  follows : 

When  piston  has  moved  ^  ft.,  or  to  t/,  pressure  =  66|-  lb. 


"  1      ' 

'       ^,         ' 

=  50     " 

"       "               "    H     * 

*       /,         ' 

=  40     " 

"     2         ' 

•        /,         * 

=  33i  '• 

"     "           "  ^    ' 

'       h,         ' 

=  28^  " 

"    3         ' 

'      G,         • 

=  25     " 

"         "                    "     3i       ' 

'       k,         ' 

=  22|  " 

"     4         ' 

'      F,         ' 

=  20     " 

FlO.  228. 


At  the  points  d,  K,  /,  /,  //,  G,  k,  F,  erect  ordinates,  and 
make  them  equal  in  length  to  the  pressure  at  that  point,  to 
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the  scale  of  1  in.  =  20  lb.— that  is,  make  ^  ^/=  66f  lb.,  ^  A"  = 
50  lb.,  etc.,  and  through  the  points  A^  c^  B^  r,  C,  g^  D^  i,  Ey 
draw  the  curve  shown  in  this  figure.  If  care  has  been  taken 
in  drawing  this  figure,  any  ordinate  drawn  from  a  point  on 
the  line  O  X,  and  limited  by  the  curve,  will  indicate  the 
pressure  of  the  air  in  the  cylinder  when  the  piston  is  at  that 
point.  Thus,  suppose  it  is  desired  to  know  the  pressure 
when  the  piston  is  at  the  point  S.  Erect  the  ordinate  SR,  and 
measure  it  with  the  same  scale  that  was  used  to  draw  the 
curve ;  the  reading  on  the  scale  will  be  the  pressure  at  that 
point. 

\\61.  In  order  to  find  the  work  done  by  the  air  while 
the  piston  was  traveling  from  L  to  /%  and  during  which  time 
the  pressure  fell  from  A  Z,  or  100  lb.  per  sq.  in.,  to  E F^  or 
20  lb.  per  sq.  in.,  the  average  pressure,  or  mean  ordinate, 
must  be  known.  This  can  be  found  by  dividing  the  area  of 
AEFLhyits length L F.  That 
this  statement  may  be  clearly 
understood,  suppose  a  semicircle 
to  be  drawn  as  shown  in  Fig. 
224,  having  a  diameter  of  6  in. 
Its  area  will  be  6'  X  .7854  -f-  2  = 
14.1372  sq.  in.     Divide  this  area  F'^.  m 

by  the  length,  6  in.,  thus  14.1372  -^  6  =  2.3562  in.  On  the 
diameter  as  a  side,  and  with  2.3562  in.  for  another  side, 
construct  the  rectangle  A  B  C  D\  the  area  of  this  rect- 
angle will  evidently  be  the  same  as  the  area  of  the  semi- 
circle. 

1 1 58.  Rule. — No  matter  what  the  shape  of  an  area  may 
be,  if  any  line  be  drawn  through  it  and  limited  by  lines  per- 
pendicular to  it,  and  tangent  to  the  bounding  line  of  the  area, 
the  product  of  the  length  of  this  line,  and  the  mean  ordinate 
drawn  from  this  line  to  the  bounding  line,  will  be  equal 
to  the  area  of  that  part  included  by  the  line,  the  tangents^ 
and  the  bounding  line  included  between  the  points  of  tan- 
grncy. 
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Thus,  in  Fig.  226,  if  the  length  of  -4  ^  is  known,  and  B  27, 

perpendicular  to  it,  is  tangent  to  the  bounding  line  A  E  D I^ 

and  EF  is  the  mean  perpendicular  (mean  ordinate)  from 

A  B  to  the  bounding 

line^  E  DB,  A  B  x 

E  F  =  the     area     of 

AEDBA;  \i  G  H  is 

the     mean      ordinate 

from  A  C  to  A  H  C 

of  the  area  A  H  J  C, 

A  CxG  H  =^  area  of 

A  HJC,2indii  LK IS 

the  mean  ordinate  from  IB  to  I DB,  I B  x  L  K  =  the  area 

ILDB.     Conversely,  if  an  area  is  given,  and  the  length  of 

a  line  in  it,  so  located  that  perpendiculars  to  the  extremities 

of  the  line  are  tangent  to  the  bounding  line  of  the  area,  the 

mean  ordinate  to  this  line  equals  the  area  divided  by  the 

length  of  the  line.     Thus,  the  mean  ordinate  oi  A  E  D  B  = 

SiTeaoiAEDB  r- 77  ^  t»  ^  •  ^  t^-  oao  -r 
^-^ =EFy  etc.     Returning  now  to  Fig.  223,  if 

the  area  A  EFL  is  known,  the  mean  ordinate  (mean  pres- 
sure) can  be  found  by  dividing  this  area  by  the  length  L  F. 

1159.  The  area  may  be  found  in  two  ways:  1.  Ap- 
proximately, by  dividing  the  figure  into  a  number  of  small 
areas,  adding  the  ordinates  at  the  center  of  each  of  these 
small  areas,  and  dividing  the  sum  by  the  number  of  areas; 
this  result,  multiplied  by  the  length  L  F,  is  the  area  A  EFL, 
2.  Exactly,  by  using  the  planimeter,  an  instrument  for 
measuring  plane  areas. 

The  first  method,  as  applied  to  Fig.  223,  is  shown  in  Fig. 
226.  LF  is  divided  into  8  equal  parts,  and  ordinates  are 
erected  at  the  points  of  division,  thus  dividing  the  area 
A  EFL  into  8  small  areas.  At  the  middle  points  of  these 
areas,  the  ordinates  i-i,  2-2^  3-3,  etc.,  are  drawn  and  meas- 
ured, the  lengths  (measured  to  the  same  scale  used  to  lay 
off  A  L)  being  marked  on  the  drawing.  The  sum  of  these 
ordinates  is  80  +  57. 1  +  44. 4  +  36. 4  +  30. 8  +  26. 7  +  23. 5  + 
21  =  319.9  lb.      Hence,  the  mean  pressure  =  319.9  -t-  8  = 
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89. 99  lb.  per  sq.  in.  The  second  method,  by  using  the  planim- 
eter,  will  not  be  described,  since  instructions  always  go 
with  the  instrument.  Calling  the  mean  pressure  40  lb.  per 
sq.  in.,  the  work  which  the  air  could  do  in  expanding  from 
L  to  F  Sit  SL  constant  temperature  would  be  equal  to  the  area 


PIO.S96. 

of  the  piston  in  square  inches,  multiplied  by  the  mean  pres- 
sure per  sq.  in.,  multiplied  by  the  distance  through  which  it 
moves  or  works  =  144x40x4  =  23,040  foot-pounds. 

1 1 60«  The  work  can  also  be  calculated  directly,  without 
constructing  the  diagram,  by  means  of  the  following  formula, 
in  which 

L  =  the  work  in  foot-pounds; 

P  =  the  total  initial  pressure  in  pounds  per  square  foot; 

P^  =  the  total  final  pressure  in  pounds  per  square  foot; 

V  =  the  initial  volume  in  cubic  feet; 

y^  =  the  final  volume  in  cubic  feet. 
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Z  =  2. 3026  P  V  log  ^.  (75.) 

P       V 
Since  -PF=  P,  F„  ^  = -p?  and  formula  75  might  be 

written 

Z  =  2. 3026  P  V  log  ^.  (76.) 

Whichever  formula  is  used,  it  must  be  kept  in  mind  that 

V       P 
the  fraction  -p^  or  -rj-  must  always  be  greater  tlian  1 — that  iSy 

the  numerator  must  always  be  greater  than  the  denominator. 
Substituting  the  values  used  in  Fig.  223,  formula  75  or 
76  gives 

L  =  2.3026  X  (144  X  100)  X  1  X  log |  = 
2.3026  X  144  X  100  X  .69897  =  23,176  foot-pounds,  nearly. 

This  is  the  actual  value,  and  shows  that  the  approximate 
method  used  in  the  previous  work  was  very  close. 

Suppose  that  the  number  of  parts  had  been  doubled — that 
IS,  that  the  line  L  F  had  been  divided  into  16  equal  parts, 
instead  of  8 — the  sum  of  the  ordinates  drawn  at  the  middle 
of  these  parts  would  then  have  been 

88.9  +  72.7  +  61.5  +  53.3  +  47.1  +  42.1  -f  38.1  +  34.8  +  32 
+  29.6  +  27.6  +  25.8  +  24.2  +  22.9  +  21.6  +  20.5  =  642.7. 
642.7  -^  16  =  40.1/  lb.  per  sq.  in.  144  X  40.17  X  4  =  23,138 
foot-pounds,  nearly. 

Where  a  table  of  logarithms  is  not  at  hand,  a  sufficiently 
close  result  for  all  practical  purposes  can  be  obtained  by 
dividing  A  E  F  L  into  10  parts. 

1161.  The  curve  shown  in  Fig.  223  is  called  the 
Isotlierinal  expansion  curve,  or  the  expansion  curve 
of  constant  temperature.  It  is  known  in  mathematics 
as  the  equilateral  hyperbola,  and  hence,  when  used  on 
indicator  diagrams,  is  sometimes  called  the  hyperbolic 
expansion  curve.  If  the  initial  volume,  pressure,  and 
final  volume  are  known,  the  curve  may  be  constructed 
graphically  without  calculating  the  diflEerent  points,  as  was 
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done  in  Fig.  223.  Thus,  in  Fig.  227,  let  (9  F  and  (9  A"  be 
two  lines  at  right  angles  to  each  other.  These  lines  are 
known  in  mathematics  as  the  coordinate  axes,  the  line 
O  Y  being  called  the  axis  of  ordlnates,  or  axis  of  K, 
and  the  line  O  X^  the  axis  of  abscissas,  or  axis  of  X. 
Let  O  A  represent  the  absolute  initial  pressure,  and  O  B 
the  initial  volume.  Through  A  draw  the  indefinite  straight 
line  A  M  parallel  to  the  axis  of  Jf,  and  through  B  draw  the 
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indefinite  straight  line  B  F  parallel  to  the  axis  of  K  The 
point  C,  where  these  two  lines  meet,  is  the  point  where  the 
expansion  is  to  begin ;  consequently,  it  is  one  point  on  the 
curve.  Through  the  point  (?,  called  the  orisrin,  and  which 
is  point  of  no  volume  and  no  pressure,  draw  a  number  of 
lines,  O  F,0  D,  O  N,  O  M,  etc.,  cutting  B  F  2X  F,  1,  5, 
etc.,  and  A  M 2X  U,  Z>,  N^  etc.  Through  the  points  F^  1,  5, 
etc.,  draw  lines  parallel  to  the  axis  of  X^  and  through  ^  D, 
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iV,  etc.,  draw  lines  parallel  to  the  axis  of  Y.  These  lines 
intersect  in  the  points  8^  2^  6^  etc.,  which  are  points  on  the 
required  isothermal  expansion  line.  To  prove  this,  lay  off 
B  H  equal  to  O  j5,  and  draw  H  K  parallel  to  the  axis  of  F, 
intersecting  the  curve  in  K.  Now,  if  A'  is  a  point  on  the 
isothermal  expansion  line,  H  K  must  be  equal  in  length  to 
one-half  oi  O  A,  since,  when  the  volume  is  twice  as  great, 
the  pressure  is  only  half  as  great.  Similarly,  iiH L  =  B If 
=^  O  B,  L  6  must  be  one-third  as  long  as  O  A,  By  measure- 
ment this  will  be  found  to  be  the  case.  This  curve  and 
method  of  constructing  it  is  much  used  in  ** working  up" 
indicator  diagrams,  and  will  be  further  explained  in  connec- 
tion with  the  subject  of  Steam  and  Steam  Engines. 

1162.  If  the  air  or  gas  be  compressed,  the  action  will 
be  exactly  the  reverse  of  the  expansion.  Heat  would  have 
to  be  abstracted  instead  of  added ;  the  pressure  would  in- 
crease instead  of  decreasing,  and  the  volume  decrease  in- 
stead of  increasing. 

In  Fig.  228,  which  is  Fig.  223  repeated,  let  E  F  represent 
the  initial  pressure  =  20  lb.  per  sq.  in.,  OF  the  initial 
volume  =  5  cu.  ft.  As  the  volume  decreases,  the  pressure 
will  increase,  as  indicated  by  the  isothermal  curw^E  D  CB  A^ 
when  the  temperature  is  kept  constant.  The  curve  may  be 
constructed  as  shown  in  Fig.  227,  by  taking  O  as  the  point 
from  which  to  draw  the  lines  O  D,  O  N^  etc. ,  in  Fig.  227. 
The  point  F  could  not  be  taken  from  which  to  draw  these 
lines,  for  they  must  always  be  drawn  from  the  point  of  no 
pressure  and  no  volume.  -F  is  a  point  of  no  pressure,  but  it 
indicates  a  volume  of  5  cu.  ft.  The  work  required  to  com- 
press the  air  under  these  conditions  may  be  calculated  by 
formula  75  or  76,  remembering  that  the  larger  volume 
or  pressure  must  be  in  the  numerator  of  the  fraction. 

Formulas  75  and  76  then  become 

L  =  2,d026PV\og^         (77.) 

and  L  =  2.3026  PV\og  ^,         (78.) 
in  which  the  letters  have  the  same  meaning  as  before. 
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1 163.  Formulas  75,  76,  77,  and  78  will  be  easier  to 
use  if  the  pressure  be  taken  in  pounds  per  square  inch,  and 
144  X  2.3026  =  331.5744  be  substituted  for  2.3026.  As  be- 
fore, the  volume  must  always  be  taken  in  cubic  feet.  For- 
mulas 75  and  76  then  become 

Z  =  331.5744/ Flog  -^ 


and  L  =  331.5744/  V  log  ^, 


(79.) 
(SO.) 


in  which  /  =  pressure  in  pounds  per  square  inch. 


Pig.  288. 

Example. ~The  initial  volume  of  a  body  of  gas  which  is  to  be  com- 
pressed is  6.78  cu.  ft  The  initial  pressure  is  16  lb.  per  sq.  in.  If  this 
gas  be  compressed  until  its  tension  is  144  lb.  per  sq.  in.,  what  work  will 
have  to  be  expended,  the  temperature  being  kept  constant  ? 
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Solution. — Using  formula  80,  and  r^emembering  that  the  greater 
pressure  must  be  in  the  numerator, 

L  =  881.5744/  Flog  A  =  831.5744  X 16  X  6.78  X  log  ^  =  331.5744 

X  16  X  6.78  X  .95424  =  84,828.24  foot-pounds.     Ans. 

1164.  Adiabatic  Expansion. — Suppose  that  a  vol- 
ume of  air  expands  from  the  same  initial  volume  and  pres- 
sure as  in  the  case  of  Fig.  223,  but  that  no  heat  is  added  or 
taken  away.  The  temperature  will  fall  during  expansion, 
and  rise  during  compression.  The  pressure  will  fall  much 
faster  than  in  the  case  of  isothermal  expansion,  and  increase 
much  faster  than  in  isothermal  compression  for  the  same 
increase  or  decrease  in  volume.  The  air  expands  no  longer, 
according  to  the  law /  z/ = /^  z/j  = /,  z^,,  etc.,  but  according 
to  another  law  which  can  only  be  proven  by  the  use  of  higher 
mathematics;  this  law  is  for  air: 

/t;'"  =/.!;.■•"  =A^.'-".  etc.         (81.) 

In  other  words,  the  pressure  multiplied  by  the  1.41  power 
of  the  corresponding  volume  is  a  constant,  and  is  equal  to 
the  product  of  the  pressure  and  1.41  power  of  the  volume 
at  any  other  part  of  the  stroke.  The  initial  volume  is  1  cu. 
ft. ,  and  the  initial  pressure  is  100  lb.  per  sq.  in.  in  Fig.  223. 
Using  these  values  in  the  present  case,  /£/*•"  =  100  X  1'*** 
=  100 ;  hence,  /,  v^ ' "  =  100,  /,  z/,'  • "  =  100,  etc. 

Assuming  the  different  volumes,  the  pressures  may  be 
calculated  as  follows: 

100 
Ltt  v=z^  cu.  ft ;  then,  /  X  2.5'-"  =  100,  or  /  =  ^—^, ; 

log/  =  log  100  -  1.41  log  2.5  = 

2  -  1.41  X  .39794  =  2  -  .56110  =  1.43890, 

or/  =  27.47  lb.,  nearly 

Calculating  in  this  manner  the  pressures  corresponding 
to  the  different  values  of  the  volumes  for  points  correspond - 
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ing  to  the  volume  points  in  Fig.  223,  the  following  results 
are  obtained: 

Pressure  corresponding  to  volume  ^  ^  =  56.5 
"  "  *•      5  AT  =37.63 

"  '*        ^/=  27.47  " 

"  **       C  7=21.25  " 

"  *•       gh  =  nA     " 

**  "     DG  =  U1^   " 

/>fe=12.-  *• 

"  '*  **     EF=10,U  " 

Making  the  different  ordinates  equal  in  length  to  these 

pressures,  and  using  the  same  scale  as  before — 1  in.  =  20  lb. 
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—the  curve  shown  in  Fig.  229  is  produced  by  tracing  the 
line  A  B  C  D  E  through  these  points.     It  will  be  noticed 
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that  the  area  ot  A  E  FL  in  Fig.  229  is  considerably  smaller 
than  in  Fig.  223 ;  consequently,  the  mean  pressure  is  less, 
and  the  work  done  in  expanding  is  less.  This  was  to  be 
expected,  since,  no  heat  being  added,  the  temperature  must 
fall  and  with  it  the  pressure  also.  Erecting  ordinates  at  the 
middle  points  of  these  divisions,  and  measuring  them  in  a 
manner  similar  to  the  approximate  method  of  finding  the 
mean  pressure  followed  in  Fig.  226,  the  mean  pressure  is 
found  to  be 
73  +  45.5  +  31.9  +  24  +  19  +  15.5  +  13  +  11.1  ^  ^^^  ^^  ^^^ 

8 
sq.  in. 

The  work  done  is  evidently  144  X  29^  X  4  =  16,776  foot- 
pounds. 

1 165.  The  mathematical  formula  which  gives  the  work 
directly  when  the  initial  and  final  volumes  and  the  initial 
pressure  are  known  is 

Z  =  2.44Pf[i-(^J'].  (82.) 

By  means  of  formula  82,  just  given,  the  work  is  found  to 
be  16,974  foot-pounds.  Thus,  substituting  the  values  given 
and  remembering  that  P  =  pressure  in  pounds  per  square 
foot, 

L  =  2.44  X  (100  X  144)  X  ifl  -  (-^)  "1  =  ^-44  X  14,400 
(1  -  .51691)  =  16,974  foot-pounds. 

1166.  If  the  initial  and  final  pressures  and  the  initial 
volume  are  given,  to  find  the  work  a  formula  may  be  derived 
as  follows: 

From  formula  Sl.PV'*'  =  P^  F/"  ;  hence,  -^^  =  ^, 


or  -pr=/-^j '*^.     Affecting  both  sides  of  this  last  equa- 

1/)     ~ 

(?)*.»'©■•=© 


990Tt 

since   .41 -r- 1.41  =  .29078. 
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Substituting  the  right-hand  member  of  the  last  equation  in 
formula  82, 

L  =  2.44  /'f[i  -  (^)"*"].  (83.) 

1167.  If  the  pressure  be  taken  in  pounds  per  square 
inch,  82  and  83  become 

Z  =  351.36/ F[l  —  (-^y"],  (84.) 

andZ  =  351.36/ Fri  —  (^y""n.  (85.) 

In  both  formulas,  /  and  V  are  the  initial  pressure  and 
volume,  respectively.  When  a  gas  expands  without  receiv- 
ing or  losing  any  heat,  the  pressure  falls,  as  shown  by  Fig. 
229,  and  it  is  said  to  expand  adiabatically.  The  curved 
line  A  B  C  J?  E  is  called  the  adiabatic  curve. 

1168.  Formulas  82  and  83  (and,  of  course,  84  and 
85)  may  be  used  for  compression  as  well  as  for  expansion, 
the  letters  P  and  V  representing  the  initial  pressure  and 
volume,  and  -P,  and  F,  the  final  pressure  and  volume,  in  both 
cases.     To  show  that  such  is  the  case,  proceed  as  follows: 

Dividing  both  sides  of  formula  82  by  2.44, 


4=-D-(^)"]- 


Now,  if  the  formula  is  true  for  both  cases,  the  work  done 
during  adiabatic  expansion  must  equal  the  work  required 
to  immediately  compress  the  air  back  to  its  pressure  before 
expansion.  But,  if  the  final  pressure  and  volume  after  ex- 
pansion be  represented  by  P,  and  F„  these  letters  will  rep- 
resent the  initial  pressure  and  volume  during  compression. 
Consequently,  in  order  to  prove  that  the  formula  holds  good 
for  both  cases,  it  must  be  proved  that 

^^b~{T-)  1 = ^-  ^'b  -  iWl-  ^^  ^°"°"^*  ®*' 

P  V"  =  />,  F,'",  or  P^  =  ^^',',".     Representing  the  expo- 

pym 
ncnt  1.41  by  m^  for  convenience,  P^  =  -jtut-     Substituting 
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this   value   of   /\  in  P,  F",  I  1  —  (-77)       L  it  becomes,  since 
.41  =  ;;/  -  1, 

which  was  to  be  proved. 

When  applying  the  formula  for  cases  of  compression,  it 
will  be  found  that  the  result  is  negative.  The  minus  sign 
merely  indicates  compression,  the  numerical  value  being  the 
same  as  in  the  case  of  expansion. 

1169.  From  formula  81  two  other  formulas  maybe 
derived,  which  are  of  great  importance  in  investigations  per- 
taining to  the  theory  of  heat.     They  are  derived  as  follows: 

Representing  1.41  by  ;//,  as  before, 

p 
Multiplying  both  sides  of  equation  (a)  by  -^, 


Substituting  for  m  its  value,  1  —  1.41  =  —  .41,  and 

PV  /P\      ''''  /P\ 

.y  jr  '=  I  "77  )  ~  ( ~p  )  •    According  to  the  theory  of 

Hence,  -p-y  =  ^-^  j        .     (b) 


1170.    According  to  formula  62,  Art.  IO689 
PV      PJ\  PV  _T_ 

T    -     T    '""^  PV-  T' 
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PV 
Substituting  this  value  of  -p-rr  in  equation  {b) 


(p  V   .MtTt  f 

^)     =77-       (»«•) 


Likewise,  since  .29078  =    '  ^  .^ —  = ,  formula  86 

'  1.41  m    * 

(p  \  iri       T 
But,  since  ^=  I-y^j  ,  from  formula  81,  equation  (r) 

may    be  written    [(-p)  J    "*    =  -7^,    or    ^y  j        =s  -^. 

Substituting  for  w  its  value, 

1171«  Formulas  86  and  87  may  be  used  to  compute 
the  temperature  of  the  air  after  adiabatic  expansion  or  com- 
pression when  the  initial  and  final  pressure  or  the  initial  and 
final  volume  are  known  and  the  initial  temperature  has  been 
noted. 

In  formulas  86  and  87,  the  pressures,  volumes,  and  tem- 
peratures may  be  expressed  in  any  units  desired,  remember- 
ing that  the  pressures  and  temperatures  are  absolute.  In 
other  words,  the  pressures  may  be  in  pounds  per  square 
inch,  pounds  per  square  foot,  inches  of  mercury,  etc. ;  the 
volumes  may  be  in  cubic  feet,  cubic  inches,  cubic  meters, 
etc.,  and  the  temperatures  may  be  in  Fahrenheit,  Centigrade, 
or  Reaumur  degrees. 

Example. — The  temperature  of  the  air  as  it  enters  the  cylinder  of 
an  air  compressor  is  60° ;  what  is  its  final  temperature  after  being  com- 
pressed to  100  pounds  per  square  inch,  absolute,  the  compression  being 
adiabatic  ? 

Solution. — The  initial  pressure  is,  of  course,  147  lb.  per  sq.  in.; 
hence,  substituting  in  formula  86  the  values  of  P^  Pu  and  7",  Tx  = 

/z>,\  .«»oi8  /  100  \««»07« 

T\^\        =^^(-^)        =W)8.r.   Therefore,  final  temperatures 

(K)6.1- 460  =  448.1*.    Ana. 
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1 172.  If  the  volume  of  air  were  6  cu.  ft.  and  the  pres- 
sure  were  10.34  lb.  per  sq.  in. — that  is,  if  the  piston  were  at 
E  /%  Fig.  229,  and  the  air  were  compressed  to  1  cu.  ft.,  no 
heat  being  lost — ^the  final  pressure  would  be  100  lb.,  as 
before;  the  curve  of  pressures  would  be  the  adiabatic 
curve  £  D  C  B  Ay  2ls  in  the  case  of  expansion.  The  work 
which  the  air  would  do  when  it  expanded  isothermally,  or  at 
constant  temperature,  was  found  to  be  23,176  foot-pounds, 
and  when  it  expanded  adiabatically,  16,974  foot-pounds,  a 


5,5' 
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result  considerably  less.  This  was  to  be  expected,  since,  as 
no  heat  was  added,  the  heat  required  to  do  the  work  of 
expansion  had  to  be  taken  from  the  gas,  thus  reducing  its 
energy  and  the  amount  of  work  that  it  could  do.  To  better 
show  the  effects  of  isothermal  and  adiabatic  expansion,  the 
two  curves  shown  in  Figs.  223  and  229  are  drawn  together 
in  Fig.  230.     Here  S  A  B  C  D  Eis  the  isothermal  curve  of 
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expansion  or  compression,  and  5'  A  B'  C  ly  E  is  the  cor- 
responding adiabatic  curve.  If  5  cu.  ft.  of  air  having  a  ten- 
sion of  20  lb.  per  sq.  in.  be  compressed  isothermally,  the 
curve  of  compression  would  follow  the  line  E  D  C  B  A  S^ 
while,  if  compressed  adiabatically,  the  initial  tension  and  vol- 
ume being  the  same,  it  would  follow  the  dotted  line  E  W. 
Hence,  if  the  air  were  thus  compressed  to  1  cu.  ft.,  it  is  easy 
to  see  that  the  work  required  would  be  far  more  for  adiabatic 
compression  than  for  isothermal  compression.  To  obtain 
the  area  A  C  E*  F  Z,  the  following  formula  may  be  used, 
which  gives  it  directly  for  air  when  /  and  p^  are  the  greater 
and  lesser  pressures,  respectively,  and  V  and  V^  their  cor- 
responding volumes: 

.^i:^=ar«..        (88.) 


1173.  By  means  of  this  formula,  the  mean  ordinate 
may  be  calculated  directly,  without  drawing  the  curve  and 
measuring  the  mean  ordinates  of  the  equal  parts.  Thus,  the 
pressure  corresponding  to  a  volume  of  5  cu.  ft.,  and  denoted 
by  the  ordinate  E'  F^  was  found  to  be  10.34  lb.  per  sq.  in. 
The  greater  pressure  was  100  lb.  per  sq.  in.,  and  the  corre- 
sponding volume  1  cu.  ft. ;  hence,  the  area  A  B*  C^U  E'  FL  A  is 
p  F- A  F.  ^  100  X  1  -10.34  X  5  ^  ^^^  3^^   ^    .^      ^^^^ 

divided  by  the  length  LF=^^  gives  ^^'^^^^^  =  29.45125  lb. 

per  sq.  in.  =  mean  ordinate.  Since  the  area  of  the  piston 
was  144  sq.  in.,  and  the  piston  moved  4  ft.,  the  work  it 
could  do  is  29.45125  X  144  X  4  =  16,964  foot-pounds.  The 
previous  calculation  gave  16,974  foot-pounds,  a  difference 
of  10  foot-pounds.  Both  methods  would  have  given  the 
same  result  had  the  calculation  for  the  final  pressure,  10.34 
lb.  per  sq.  in.,  been  carried  out  to  a  sufficient  number  of 
decimal  places,  and  7-figure  logarithms  used  instead  of 
those  of  5  figures.  The  difference  is  so  slight  that  the 
results  are  practically  the  same. 
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1 174,  A  little  thought  will  show  that  the  work  done  is 
directly  proportional  to  the  areas,  and  that  the  areas  them- 
selves may  be  considered  as  representing  the  work  done  on 
the  piston  during  one  stroke.  For  the  mean  pressure  was 
just  now  found  to  be  29.45  lb.  per  sq.  in.  Since  every  inch 
of  length  on  any  ordinate  in  Fig.  230  represents  a  pressure 
of  20  lb.  per  sq.  in. ,  the  actual  length  in  inches  of  the  mean 
ordinate  is  29.45  —20  =  1.4725  in.  The  length  of  the  area 
is  4  in.,  and  the  actual  area  is  1.4725  X  4  =  5.89  sq.  in.  Now, 
since  the  ordinates  are  so  drawn  that  1  in.  =  20  lb.  pressure 
per  sq.  in.,  and  the  area  of  one  sq.  ft.  is  144  sq.  in.,  5.89  X 
20  X  144  =  work  =  16,963  foot-pounds,  the  same  result  as 
before.  Therefore,  if  in  any  diagram  of  this  kind  the  actual 
area  be  multiplied  by  the  vertical  scale  of  pressures  in  pounds 
per  square  inch  (in  this  case,  1  in.  =  20  lb.  per  sq.  in. )  and 
by  the  horizontal  scale  of  volumes  in  cu.  ft.  (in  this  case,  1  in. 
=  1  cu.  ft.),  and  then  multiplied  by  144,  the  result  is  the 
work.  The  work  is  represented  by  the  area,  and  the  ratio 
of  any  two  areas  is  the  same  as  the  ratio  of  the  works. 

11 75.  A  study  of  the  curves  EDCB  A  and  ElVyin 
Fig.  230,  will  show  why  the  walls  of  air  compressors  are 
cooled.  Suppose  that  i?  i^  represents  a  pressure  of  14.7  lb. 
per  sq.  in.,  instead  of  20  lb.,  as  formerly.  This  is  the  pres- 
sure of  the  atmosphere,  and,  consequently,  the  initial  pressure 
in  the  air  compressor  cylinder.  If  the  air  were  not  cooled 
while  being  compressed,  the  pressures  corresponding  to  the 
various  volumes  would  be  given  by  the  dotted  adiabatic 
curve  £  W. 

If  the  air  thus  compressed  could  be  used  at  once,  there 
would  be  no  loss,  since  the  heat  imparted  to  it  would  be 
utilized  in  doing  work,  and  it  would  make  no  difference 
whether  the  compression  was  adiabatic  or  isothermal.  Such 
is  not  the  case,  however.  The  air,  after  leaving  the  com- 
pressor, is  stored  in  a  large  reservoir  called  a  receiver,  from 
which  it  is  conveyed  in  pipes  to  the  engines,  pumps,  or  other 
machines  which  it  operates.  These  are  situated  sometimes 
5  miles  or  more  from  the  compressor,  and  when  the  air 
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reaches  them,  its  temperature  has  been  reduced  to  that  of 
the  atmosphere.  As  a  consequence  of  this  reduction  in 
temperature,  the  pressure  falls  to  a  point  determined  by  the 
intersection  of  an  ordi- 
nate drawn  through  the 
point  W  and  the  isother- 
mal curve  E  B  A.  Fig. 
231  shows  the  curves 
when  applied  to  an  air 
compressor.  O  L  repre- 
sents the  initial  volume, 
say  5  cu.  ft. ;  L  B  the 
atmospheric  pressure 
14.7  pounds  per  square 
inch,  and  O  H  the  final 
pressure,  say  100  pounds  ^  ^  ^j, 
per  square  inch.     B  C  y\q.  %a. 

represents  the  adiabatic,  and  B  A  the  isothermal,  compres- 
sion curve,  respectively. 

The  point  7%  where  the  ordinate  through  C  intersects  the 
isothermal  B  A^  indicates  the  pressure  of  air,  when  com- 
pressed adiabatically  after  it  has  cooled  to  the  temperature 
of  the  outside  air.  Measuring  the  ordinate  E  i%  the  pres- 
sure at  the  point  is  found  to  be  57.26  pounds  per  square 
inch. 

The  work  done  in  compressing  the  air  adiabatically,  and 
in  forcing  it  out  of  the  cylinder  is  proportional  to  the  area 
B  L  O  H  C,  while,  for  isothermal  compression,  the  work  is 
proportional  to  the  area  B  LO  HA,  The  work  lost  through 
adiabatic  compression  is  the  difference  of  these  two  areas,  or 
the  area  ABC.  By  the  use  of  some  cooling  device,  such 
as  the  water  jacket  described  in  Art.  1071,  the  compres- 
sion curve  will  lie  between  the  curves  B  C  and  B  Ay  and  the 
subsequent  fall  of  pressure  due  to  the  cooling  will  be  greatly 
reduced.  In  the  best  types  of  modern  air  compressors,  this 
curve  will  lie  about  half  way  between  B  C  and-ff -^,  as  shown 
by  the  dotted  curve  B  AT,  and  the  fall  of  pressure  will  then 
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be  Ko,  instead  of  C  F,  as  in  the  former  case  where  no  cooling 
took  place. 

1 1 76.     The  efficiency  of  the  cooling  device  is  determined 

as  follows :  Suppose  that  B  K  H  N  represents  an  actual 

indicator  diagram  taken  from  the  air  cylinder  of   an  air 

compressor.     Lay  off  iV  (9  equal  to  the   pressure   of   the 

atmosphere,  as  determined  by  a  barometer,  or  equal  to  14.7 

pounds  per  square  inch,   if  no  barometer  reading  has  been 

taken,  and  draw  the  isothermal  and  adiabatic  curves  B  A 

and  B  C  in  the  usual  manner.     Then,  the  efficiency  of  the 

,.       ,     .         area  of  CBK 
coolmg  device  = c  r-  d  a- 

The  student  who  approaches  the  subject  of  cooling  devices 
for  air  compressors  for  the  first  time  is  apt  to  reason  falla- 
ciously in  the  following  manner:  He  argues  that,  although 
the  air  is  cooled,  the  work  done  on  the  air  is  the  same  in 
either  case,  the  work  not  shown  by  the  card  being  turned 
into  heat  and  carried  away  by  the  cooling  water.  The 
fallacy  of  this  reasoning  may  be  proved  by  taking  an  indi- 
cator diagram  from  the  steam  cylinder.  It  will  always  be 
found  that  the  work  shown  by  the  steam  diagram  will  al- 
ways equal  that  shown  by  the  air  diagram,  plus  the  work 
needed  to  overcome  the  friction  of  the  moving  parts,  no 
more  and  no  less.  The  student  may  reason  himself  out  of 
the  fallacy,  thus :  During  the  compression  of  a  given  weight 
of  air,  there  are  four  quantities  which  are  liable  to  vary :  the 
pressure  P,  the  volume  F,  the  temperature  7",  and  the  total 
quantity  of  heat  Q  which  the  air  possesses.  During  adiabatic 
compression,  the  total  quantity  of  heat  in  the  air  remains 
the  same;  i.  e.,  (2  is  constant  while  /*,  F,  and  7" vary.  Dur- 
ing isothermal  compression,  on  the  contrary,  P,  F,  and  Q 
vary,  T  remaining  constant.  If  Q  represents  the  total 
amount  of  heat  in  the  gas  before  compression,  and  Q^  the 
total  amount  of  heat  after  compression,  (2  —  d  =  0,  in  the 
case  of  adiabatic  compression,  while,  in  the  case  of  isother- 
mal compression,  778  (2  —  2,)  is  exactly  equal  to  the  work 
represented  by  the  area  A  B  Cin  Fig.  231. 
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BXAMPLBS  FOR  PRACTICE. 

1.  If  5.68  cu.  ft.  of  air  having  a  temperature  of  50**  is  compressed 
adiabatically  to  a  volume  of  1.3  cu.  ft.,  what  is  the  final  temperature? 

Ans.  478. 56  \ 

2.  In  the  above  example,  if  the  initial  tension  is  14.7  lb.  per  sq.  in., 
what  is  the  final  tension  ?  Ans.  117.57  lb.  per  sq.  in. 

3.  With  the  same  data  as  above,  calculate  the  work  required  to  com- 
press the  air  when  the  compression  is  adiabatic  ?        Ans.  24,365  ft. -lb. 

4.  With  the  conditions  the  same  as  in  the  preceding  example,  cal- 
culate the  work  required  when  the  compression  is  isothermal  ? 

Ans.  17,729  ft..lb. 

5.  Eight-tenths  cu.  ft.  of  air,  at  a  temperature  of  120"  and  a  pres- 
sure of  45  lb.  per  sq.  in.,  expands  adiabatically  to  the  pressure  of  the 
atmosphere,  (a)  What  is  the  final  volume  ?  (d)  The  final  temperature  ? 
(c)  The  work  done  during  expansion  ?  /  (a)  1.769  cu.  ft. 

Ans.  ]  (^)       -  41.07% 
( (c)  8.518  ft.-lb. 


THE  IDEAL  HEAT  ENGINE* 

11 77.  Second  Laiv  of  Ttiermodynamics. — Heat 
cannot  pass  from  a  cold  to  a  hot  body  by  a  self -acting  process 
unaided  by  external  agency, 

1 1 78.  Tlic  Reversible  Cycle  Process. — In  Fig.  232, 
suppose  55  to  be  the  cylinder  of  a  single-acting  engine;  i.  e., 
one  which  does  work  only  when  the  piston  is  moving  in  one 
direction,  and,  for  simplicity,  assume  that  the  engine  is  a 
hot-air  engine.  Call  the  fire  which  heats  the  air,  or  source 
of  heat  ^  the  liot  body;  the  atmosphere  into  which  the  hot 
air  exhausts,  and  which  absorbs  the  heat,  the  refrigerator^ 
or  cold  body,  and  the  air  in  the  cylinder  which  does  the 
work,  owing  to  the  expansion,  the  intermediate  body. 
Suppose,  further,  that  the  cylinder  is  made  of  a  perfect 
non-conducting  heat  material  and  that  the  head  (which  call 
a)  can  be  removed  and  replaced,  whenever  it  is  desired,  by 
one  that  is  a  perfect  conductor  of  heat.  Call  this  head  b. 
All  of  the  above  conditions  regarding  the  construction  of 
the  cylinder  are,  of  course,  impossible;  the  only  reason  for 
making  these  assumptions  is  that  the  action  of  the  inter- 
mediate body  may  be  considered  under  perfect  conditions. 
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Let  O  Y  and  O  X^  Fig.  232,  be  the  coordinate  axes,  and 
let  O  F,  represent  the  volume  S  1  oi  the  air  in  the  cylinder, 
whose  absolute  temperature  is  7", ;  pressure,  P„  and  volume, 
Fj.  When  the  piston  is  at  i,  the  line  F,  A  represents  the 
pressure  P  in  pounds  per  square  foot. 

1.  Suppose  the  head  d  to  be  in  place,  and  to  be  in  con- 
tact with  the  hot  body,  which  is  always  kept  at  a  uniform 
temperature  J",,  any  heat  abstracted  being  immediately 
supplied  by  the  fire.  Then,  so  long  as  the  head  d  is  in  con- 
tact with  the  hot  body,  the  temperature  of  the  air  in  the 
cylinder  will  remain  constant.  Suppose  the  air  to  expand 
until  the  piston  has  reached  another  position,  as  ^,  over- 
coming a  resistance  at  ev6ry  point  just  equal  to  the  tension 
of  the  expanding  air.  Heat  is  supplied  by  the  hot  body  and 
the  temperature  remains  constant ;  in  other  words,  the  ex- 
pansion is  isothermal.  The  work  done  will  be  represented 
by  the  area  A  B  V^  F,. 

2.  Replace  head  b  with  head  a,  and  let  the  air  expand 
further  until  the  piston  has  reached  the  extreme  position  S. 
No  heat  can  now  enter  or  leave  the  cylinder,  and  this  ex- 
pansion will  be  adiabatic.  The  position  2  should  be  so 
chosen  that,  at  the  end  of  the  adiabatic  expansion,  the  tem- 
perature 7",,  corresponding  to  the  pressure  C  F,  and  volume 
O  F„  which  denote  by  P^  and  F„  respectively,  will  be  the 
same  as  that  of  the  cold  body.  The  work  done  during  this 
period  is  represented  by  the  area  B  C  V^  F„  and  the  total 
work  done  during  expansion  from  1  to  S  by  A  B  V^V^  + 
BCV,V,  =  ABCV,V, 

3.  Replace  the  head  a  with  head  by  and,  supposing  head 
b  to  be  in  contact  with  the  cold  body,  move  the  piston  to 
position  4,  The  air  will  then  be  compressed,  and,  since  the 
temperature  of  the  cold  body  is  assumed  to  remain  at  7",, 
the  compression  is  isothermal.  Consequently,  a  certain 
quantity  of  heat  must  be  abstracted  from  the  air  and  rejected 
to  the  cold  body.  The  work  done  upon  the  air  will  be 
represented  by  the  area  C  F,  F^  D.  The  position  4  should  be 
so  chosen  that  if  the  air  be  compressed  adiabatically  from  ^ 
to  i,  the  volume,  pressure,  and  temperature  of  the  air,  when 
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the  piston  reaches  position  i,  will  be  the  same  as  at  the 
beginning. 

4.  Replace  the  head  i  with  head  a.  No  heat  can  then 
enter  or  leave  the  cylinder,  and  the  air  will  be  compressed 
adiabatically  to  the  original  volume,  pressure  and  tempera- 
ture, provided  the  position  Jf,  has  been  rightly  chosen.  The 
work  done  upon  the  air  is  represented  by  the  area  DV^V^A^ 
and  the  total  work  done  upon  the  air  is  C  V^  V^  D•\' 
D  V,V,A^  C  V,V,A  D. 

The  excess  of  work  done  by  the  air  over  that  done  upon 
it;  i.  e.,  the  excess  of  heat  in  foot-pounds,  taken  from  the  hot 
body  over  that  rejected  to  the  cold  body,  is  determined  by 
difference  of  the  areas  A  B  C  V^V^  and  C  V^V^A  D,  or 
A  B  C  D,  It  should  be  noted  that  the  only  means  by  which 
the  piston  could  be  returned  from  3  to  1  was  through  the 
application  of  an  external  force.  It  will  also  be  noticed  that 
the  condition  of  the  intermediate  body  is  now  exactly  the 
same  as  regards  pressure,  volume,  and  temperature  as  in 
the  beginning. 

1179.  A  series  of  operations  similar  to  that  described 
above  is  called  a  cycle  process,  and  when  the  last  operation 
leaves  the  intermediate  body  in  the  same  state  as  in  the 
beginning,  the  process  is  called  a  closed  cycle;  otherwise, 
it  is  an  open  cycle.  Thus,  the  process  represented  by  the 
lines  A  By  B  Cy  C  D^  and  D  A  is  sl  closed  cycle,  while  that 
represented  by  the  lines  A  B^  B  C,  C  F,  and  7^  ^  is  an  open 
cycUy  and  heat  must  be  added  to  the  intermediate  body  to 
bring  it  into  the  same  conditions  that  governed  it  in  the 
beginning. 

1180*  Every  closed  cycle  process  is  reversible  ;  that 
is,  the  operations  described  in  connection  with  it  may  be 
reversed.  Thus,  let  the  air  expand  adiabatically  from  1  to 
-f,  the  pressures  being  represented  by  the  curve  A  D\  then, 
isothermally  from  -4  to  S^  the  pressures  following  the  curve 
D  C;  then,  compress  it  adiabatically  from  3  to  j^,  the  pres- 
sures following  the  curve  C  B^  and,  lastly,  compress  it  iso- 
thermally from  £  to  i,  the  pressures  following  the  curve  B  A. 
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The  work  done  by  the  air  in  this  case  is  negative ;  that  is, 
the  work  done  by  the  air  in  expanding  is  less  than  that  per- 
formed upon  it  during  compression,  and  the  amount  of  this 
negative  work  is  the  area  A  B  CD,  The  whole  process  is 
the  exact  reverse  of  the  preceding  one.  In  other  words, 
work  is  done  upon  the  intermediate  body  instead  of  by  it, 
as,  for  example,  in  an  air  compressor. 

It  will  be  noticed  that^  in  this  reverse  process^  heat  is  taken 
from  the  cold  body  and  rejected  into  the  hot  body^  through 
the  aid  of  an  external  force ;  while ^  in  the  direct  process^ 
heat  was  taken  from  the  hot  body  and  rejected  into  the  cold 
body. 

For  reasons  which  will  be  shown  later,  any  engine  which 
operates  through  a  reversible  cycle,  like  that  just  described, 
is  2i perfect  engine  of  its  kind. 

1181.  Calculation  of  the  EfHciency  of  a  Perfect 
Heat  Engine. — It  is  first  necessary  to  show  how  the  points 
B  and  Z>,  Fig.  232,  are  determined.  The  absolute  temper- 
atures of  the  air  (intermediate  body)  at  the  points  A  and  B 
are  the  same;  i.  e.,  7",,  since  yi  ^  is  an  isothermal.  During 
the  subsequent  adiabatic  expansion  from  B  to  (7,  the  tem- 
perature of  the  intermediate  body  falls  to  7",,  the  temper- 
ature of  the  cold  body,  and  remains  at  that  temperature 
during  the  following  isothermal  compression  until  the  point 
D  is  reached,  which  must  be  so  chosen  that  the  adiabatic 
compression  from  D  \,o  A  will  just  raise  the  temperature  to 

~?  1     =  -;=T*  for  cases  of  adia- 
batic expansion  or  compression.     Extracting  the  .41  root  of 


V         (T\  -Xr 

both  sides  of  this  equation,  ^^  =  I  ^^  i*^.     Letting  (9  F,  = 

F",  and  (9  F,  =  F,,  -y^  =  Ypi/  =  (yr  ]•  for  adiabatic  expan- 
sion. Considering  the  air  to  expand  from  ^  to  Z^  instead 
of  compressing   from   D  to  A,  0V^=  F,  and  (9  F",  =  F",, 

""'  VroVr  \tJ     '      Therefore,   ^  =  ^^, 


smce 
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both  are  equal  to  ( ^-  V".     In  other  words,  the  ratio  ofadia- 

batic  expansion  equals  the  ratio  of  adiabatic  compression. 
For  example,  in  Fig.  232,  O  V^  represents  6  cubic  feet; 
O  F„  3  cubic  feet,  and  O  F„  1  cubic  foot ;  then,  to  find  O  V^^ 

-  =  — — -*,  or  0V^  =  2  cubic  feet. 

Since  -;^rr  =  -t^tt^  it  follows  that  -^  ,/  =  ^  j/  by  a  sim- 
0  1^      O  K,  O  y^      O  V^    -^ 

pie  transposition  of  the  terms  O  F,  and  O  F,  from  one  side 

of  the  equation  to  the  other  side ;  i.  e.,  the  ratio  of  isothermal 

expansion  equals  the  ratio  of  isothermal  compression, 

1 182.  The  efficiency  of  any  machine  may  be  defined  as 
the  ratio  of  the  work  done  to  the  work  expended.  During 
the  first  operation  of  the  reversible  cycle  of  Fig.  232,  all  of 
the  heat  taken  from  the  hot  body  is  expended  in  doing  ex- 
ternal work,  since,  as  the  temperature  of  the  air  (intermedi- 
ate body)  remains  constant,  the  vibratory  movement  of  the 
molecules  remains  constant  also,  and  no  inner  work  is  done. 
The  heat  supplied  in  foot-pounds  of  work  is,  by  formula  75, 

y 
L  =  2.3026  P^  F,  log  -p?.      For   convenience,    substitute   for 

V 
P,  F„r  T;  andfor-p?,   r,  ;    then,   2.3026  cT^  log  r,  =  work 

represented  by  the  area  A  BV^  F,. 

Note. — That    this   substitution    may    be   made    is  easily    shown 

by    means    of    formula    62,    Art.     1058.      Thus,    ^^^^  =  ^— . 

P    V  P    V 

Represent  the  actual  value  of     '      '  by  c\  then,  — ^^  =  r,  or  Px  Vx  — 

c  Tx  and  A  V%  =  c  T^. 

During  the  second  operation,  no  heat  is  supplied  to  the 

intermediate  body,  but  part  of  its  heat  is  converted   into 

work  in  order  to  overcome  the  external  resistances.     The 

amount  of  heat  in  foot-pounds  which  is  thus  converted  is,  by 

formula  82,  2.44/^,  F,  fl  -  (^')  '1  =  ^-^^  ^  7^,  (1  -  ^•") 
=  area  B  CV^  F„  since  P^  F,  =  /\  F,  in  this  case. 
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During  the  third  operation,  work  is  done  upon  the  air  (in« 
termediate  body),  and  heat  is  abstracted  by  the  cold  body 
equal  to  this  work  in  foot-pounds.     The  amount  of  this  work 

is  2.3026  c  7;  log-^  =  2.3026  c  T^  log  r,  =  area  C F,  V^D. 

During  the  fourth  operation,  the  temperature  is  raised, 
owing  to  the  conversion  of  work  upon  the  air  into  heat,  and 
the  amount  of  this  work  is  (see  last  equation,  Art.  1168) 

2.44^  rfl  -(-py*n=  2.44^  7;(l  - r/')=  area D  V^  V^A. 

It  was  shown  during  the  demonstration  of  the  determina- 

V  Vy 

tion  of  the  points  B  and  D  that  -^^  =  -pr.     Hence,  r^  =  r^ 

and  the  work  done  during  adiabatic  expansion,  or  the  area 
BCV^  F„  equals  the  work  done  during  adiabatic  compres- 
sion, or  the  area  DV^V^A.  Since,  in  the  first  case,  heat  in 
the  intermediate  body  is  converted  into  work,  and,  in  the 
second  case,  work  from  some  external  source  is  converted 
into  heat,  the  two  works,  being  equal,  neutralize  each  other, 
and  the  total  work  done  by  the  machine  and  represented  by 
the  area  ABCDA  equals  the  difference  of  the  work  done 
by  the  intermediate  body  during  isothermal  expansion  over 
that  done  during  isothermal  compression;  i.  e.,  work  done 
=  2.3026^  7;  log  r,  -  2. 3026  r  T,  log  r,. 

Consequently,  r,  =  r„  and  the  work  accomplished  dur- 
ing the  cycle  =  2.3026  ^:  T,  log  r,  —  2.3026  c  T,  log  r,  = 
2.3026  c  log  r,  (7",  —  7",).     Hence,  the  efficiency  of  a  perfect 

heat  cndnc-  ^-^^^^^^^g^'  (^-  -  ^J  _  ^-  ^.  -  T; 

neat  engine  -       ^  ^^^^  ^  y.  ^^^  ^^        -  ^  -       ^.  \fi,^.) 

That  is,  for  a  perfect  heat  engine  operating  through  a  revers- 
ible  cycle  process^  the  efficiency  of  the  machine  is  the  ratio  of 
the  difference  of  the  absolute  temperatures  of  the  sources  of 
heat  and  of  cold  to  the  absolute  temperature  of  the  source 
of  heat. 

Since,  according  to  the  first  law,  heat  and  mechanical 

energy  are  mutually  convertible,  it  follows  that  the  fraction 

T  "  T 
'  J. — *  represents  the  percentage  of  the  heat  taken  from 

the  hot  body,  which  was  utilized  in  doing  work. 
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1183*  The  efficiency  of  the  engine  can  become  equal 
to  unity,  or  100^ — i.  e.,  the  engine  can  turn  the  whole  of  the 
heat  supplied  to  it  into  work— only  when  T^  =  0,  and  this 
can  only  occur  when  the  cold  body  has  the  absolute  zero  of 
temperature.  The  absolute  temperature  7",  can  not  be  made 
0,  nor  even  approached ;  in  fact,  it  is  impracticable  to  reduce 
the  temperature  below  that  of  the  surrounding  air;  hence, 
in  order  to  obtain  a  comparatively  high  efficiency,  the  initial 
temperature  must  be  very  high.  Suppose  that  the  temper- 
ature of  the  air  at  the  beginning  of  expansion  was  540®,  and 
at  the  beginning  of  adiabatic  compression  was  32°;  the 
absolute    temperatures  would  be  540  +  460  =  lOOO"*,  and 

T  —  T 
492**,    respectively.       The  efficiency  would  be  ■  '  ^ — -  = 

TT^^r —  =  50.8jf.     Such  a  high  temperature  could  not  be 

used  in  actual  practice.     In  a  practical  working  engine,  the 

efficiency  would  be  even  less  than  that  indicated  by  the  frac- 

T  -^  T 
tion     *  .,, — ^,  since  work  is  required  to  overcome  the  loss 

due  to  friction,  a  part  of  the  heat  supplied  is  radiated,  etc. 
The  terms  heat  and  work  are  here  considered  to  be  synony- 
mous. 

1184.  It  is  easy  to  see  that  a  closed  cycle  is  more 
efficient  than  an  open  cycle.  For,  referring  to  Fig.  232,  let 
A  B  C  F  E  A  represent  an  open  cycle.  Then,  the  work 
done  by  the  air  is  the  area  A  £  C  V^  V^b,s  before,  while  the 
work  done  upon  the  air  when  the  point  £  has  been  reached 
is  C  V^  V^£  F.  The  gain  in  area  over  that  obtained  in  the 
closed  cycle  is  the  area  A  D  F  E,  But  in  order  that  the 
temperature  of  the  intermediate  body  may  be  the  same  as 
that  of  the  hot  body,  an  amount  of  heat  must  be  imparted 
equal  to  the  work  represented  by  the  area  E  G  Y  A^  and, 
since  this  area  is  evidently  greater  than  the  area  A  D  F  E^ 
it  follows  that  there  is  a  loss  over  that  of  the  previous  cycle. 

1 185.  It  is  now  easy  to  prove  that  an  engine  operating 
through  a  cycle  between  the  temperatures  7",  and  7*,  can  not 
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have  a  greater  efficiency  than 


T  --  T 


For,  suppose  that 


an  engine  could  be  devised  having  a  greater  efficiency  than 
the  one  operating,  as  indicated  by  Fig.  232  (which  call  No. 
1) ;  call  this  engine  No.  2,  and  let  it  drive  No.  1  through  a 
reverse  cycle.     (For  example,  suppose  engine  No.  2  to  be  a 

8 


PlO.SSi. 

hot -air  engine,  and  No.  1  an  air  compressor.)  Then,  engine 
No.  2  takes  heat  from  the  hot  body  and  rejects  it  into  the 
cold  body,  while  engine  No.  1,  operating  in  a  reverse  cycle, 
takes  heat  from  the  cold  body  and  rejects  it  into  the  hot 
body.     Suppose  the  horsepower  of  both  engines  to  be  the 
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same.  Then,  in  engine  No.  2,  work  is  done  by  the  inter- 
mediate body  by  aid  of  the  heat  received  from  the  hot  body; 
and,  in  Engine  No.  1,  work  is  done  upon  the  intermediate 
body  by  aid  of  the  heat  taken  from  the  cold  body  through 
the  agency  of  engine  No.  2.  If  friction  be  neglecj;ed  and 
both  engines  are  perfect  engines,  it  is  evident  that  this  com- 
bination could  go  on  running  forever. 

Since  the  power  of  both  engines  is  the  same,  and  engine 
No.  2  was  assumed  to  be  more  efficient  than  engine  No.  1, 
it  is  evident  that  engine  No.  2  will  reject  less  heat  into  the 
cold  body  than  engine  No.  1  takes  from  it.  From  this,  it 
follows  that  if  the  engines  be  kept  to  work  long  enough,  the 
whole  of  the  heat  in  the  cold  body  could  be  taken  out  of  it 
and  transferred  to  the  hot  body — that  is  to  say,  heat  could 
be  transferred  from  a  cold  body  to  a  hot  body  by  means  of 
a  self-acting  contrivance — a  result  contrary  to  all  experience, 
and  contradicting  the  second  law  of  thermodynamics.  It 
is  easy  to  see  that  the  result  would  be  a  perpetual  motion 
machine — an  impossibility. 

1 186.  The  conclusion  is  thus  evident :    No  heat  engine 

operating  between  the  temperatures  T^  and  7",  can  have  a 

greater  efficiency  than  the  reversible  cycle  engine.    Likewise, 

the  ideal  thermal  efficiency  of  any  heat  engine  may  be  deter- 

T  ^  T 
mined  by  the  fraction  — ^-^ — ?,  where  T^  is  the  highest  and 

7",  the  lowest  absolute  temperatures  of  the  intermediate  body. 
If  the  student  is  not  satisfied  by  the  above  reasoning  that 

r  —  r 

no  engine  can  have  a  greater  efficiency  than  —^-^ — ',  he 

may  assume  the  intermediate  body  to  be  subjected  to  any 
process  whatever;  then,  calculate  the  work  done  by  it  and 
the  work  done  upon  it.  If  between  the  same  limits  of  tem- 
perature he  can  obtain  a  greater  amount  of  work  for  the 
same  quantity  of  heat  taken  from  the  hot  body,  then  the 
above  reasoning  is  not  true. 

1187.  It  was  previously  shown  that  a  closed  cycle  had 
a  greater  efficiency  than  an  open  one.     Now,  take  a  cycle 


Digitized  by  CjOOQIC 


638 


HEAT. 


process  like  that  illustrated  in  Fig.  233.  Here  the  air  has  a 
pressure  A  V^  =  100  pounds  per  square  inch,  a  temperature 
7",  of  say  425®,  and  a  volume  of  say  1  cubic  foot.  It  ex- 
pands isothermally  to  a  volume  of  4  cubic  feet,  doing  work 
represented  by  the  area  A  B  V^V^  equivalent  to  331.5744  X 


100  X  1  log  Y  =  19,963  foot-pounds. 


To  restore  the  air  to 


its  original  volume,  pressure  and  temperature,  it  might  now 
be  compressed  isothermally,  in  which  case  the  work  done 

upon  the  air  would  be  the 
same  as  that  done  by  it ; 
i.  e.,  the  work  obtained 
from  the  machine  would 
be  zero.  Hence,  in  order 
to  obtain  useful  work 
from  the  machine,  it  is 
necessary  to  lower  the 
pressure,  and,  in  so  doing, 
the  temperature  as  well 


The    pressure    B    V^ 
100X1 


IS 


evidently 


=  25 


Fig.  288. 


pounds  per  square  inch. 

Suppose  it  be  lowered  to 
the  pressure  of  the  atmosphere,  14.7  pounds  per  square  inch. 
This  may  be  done  in  two  ways:  either  by  removing  a  por- 
tion of  the  air  from  the  cylinder  (reducing  its  weight)  or  by 
cooling  it  (removing  some  of  its  heat).  Suppose,  for  conven- 
ience, that  the  latter  method  is  employed.  Then,  the  resulting 
temperature  will  be,  using  formula  59,  Art.  1055,  T^  = 

— I—— =  520°,  corresponding  to  a  thermometer  temper- 

ature  of  60®.     Now,   compressing  it  isothermally,  it  will 
follow  the  curve  CDy  and  the  pressure  corresponding  to  a 


volume  of  1  cubic  foot  will  be 


14.7  X  4 


=  58.8  pounds  per 


square  inch.     The  work  done  upon  the  air  is  331.5744  X  14.7 
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4 

X  4  X  log- =  11,738  foot-pounds.  The  heat  energy  re- 
quired to  raise  the  temperature  and  pressure  to  the  original 
temperature  and  pressure  is  778 s^lV{T^—  T^).  The  weight 
of  1  cubic  foot  of  air  at  the  temperature  7",  of  520°  and  a 
pressure  of, 58. 8  pounds  per  square  inch  is,  by  formula  61, 

58  8 
Art.    1057,    ^=,37052x520  = '^^^^    P^^^^'    ^^^'y- 

Hence,     the     heat     energy     required  =  778  X  .16847  X 

.3052  (885  — 520)  =  14,601  foot-pounds.     Hence,   the  work 

accomplished  during  the  cycle  A  B  CD  A  =  19,963  —  11,738 

=  8,225  foot-pounds,  while  the  heat  energy  expended  was 

19,963  +  14,601  =  34,564  foot-pounds.      Consequently,  the 

8  225 
efficiency  =    \         =  23.79jf.      Had    the    engine    operated 

through  a  reversible  cycle,  the  efficiency  would  have  been 
885  -  520 


885 


-=41.24jf. 


Since  a  similar  result  may  be  obtained  for  any  process 
which  the  student  may  apply  the  reasoning  to,  it  follows 
that,  under  the  theoretical  conditions  governing  the  revers- 
ible cycle  process,  the  reversible  cycle  is  the  most  efficient. 

The  foregoing  description  of  the  ideal  heat  engine,  and 
conclusions  derived  from  the  consideration  of  it,  comprise 
the  most  important  laws  and  generalizations  to  be  found  in 
the  science  of  thermodynamics.  The  student  should  study 
it  with  extreme  care,  and  review  it  after  finishing  the  subject 
of  Steam  and  Steam  Engines. 

1 1 88.  Note. — The  following  application  of  the  foregoing  prin- 
ciples to  the  indicator  diagram  of  a  steam  engine  should  not  be  read 
until  the  subject  of  Steam  and  Steam  Engines  has  been  studied. 

In  Fig.  234,  B  C  D  E  F  G  represents  a  diagram  taken 
from  a  perfect  steam  engine;  i.  e.,  an  engine  which  admits 
steam  at  full  boiler  pressure,  cuts  off  instantly,  exhausts  at 
the  end  of  the  stroke,  the  pressure  falling  instantly  to  that 
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of  the  atmosphere,  has  no  back  pressure,  exhaust  closes  in- 
stantly at  the  proper  point,  and  which  neither  radiates  nor 
absorbs  heat  from  the  cylinder  walls.  Since  the  isothermal 
of  saturated  steam  is  a  straight  line  parallel  to  the  atmos- 
pheric line  /  E^  the  clearance,  or  initial,  volume  O  F,  may 
be  regarded  as  if  filled  with  a  mixture  of  steam  and  water 
having  the  absolute  pressure  O  A,  say  100  pounds  per 
square  inch,  and  the  temperature  327.625°  corresponding  to 

that  pressure.  Now,  let 
the  piston  move  to  the 
position  C  F„  the  volume 
increasing  to  O  J\^  and  all 
the  water  turning  into 
steam.  By  addition  of 
heat,  the  temperature 
(consequently,  the  pres- 
sure) may  be  kept  con- 
stant, and  B  C  is  the 
isothermal  curve.  At  C, 
the  supply  of  heat  is 
stopped  and  the  adiabatic 
expansion  begins,  con- 
Pio.  884.  tinuing  to  the  end  of  the 

stroke,  or  until  the  point 
D  is  reached.  Here  the  exhaust-valve  opens,  and  the  greater 
part  of  the  steam  is  allowed  to  escape  into  the  atmosphere 
or  into  the  condenser;  suppose,  for  convenience,  that  it 
escapes  into  the  atmosphere.  The  pressure  immediately 
falls  to  F,  E,  The  engine  now  reverses  its  stroke  and  pushes 
the  steam  out  of  the  cylinder  at  the  constant  pressure  F, 
E  until  the  point  E  is  reached.  Since  the  pressure  is  con- 
stant, the  temperature  is  constant,  and  the  line  E  F  cor- 
responds to  the  isothermal  compression  line  of  Fig.  232. 
At  /%  the  exhaust  port  closes,  and  the  steam  is  com- 
.pressed  adiabatically  during  the  remainder  of  the  stroke 
F  K^  following  the  curve  F  G,  Now,  by  adding  heat, 
the  pressure  is  raised  to  V^  B^  and  the  above  operations 
may  be  repeated. 
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It  IS  evident  that  the  cycle  just  described  is  not  reversible, 
being  open  at  both  ends ;  but,  nevertheless,  it  has  a  greater 
efficiency  than  could  be  obtained  from  an  actual  engine. 
The  thermal  efficiency  of  the  process  just  described  is  easily 
found.  The  temperature  corresponding  to  a  pressure  of  100 
pounds  per  square  inch  is,  from  the  steam  table,  327.625®, 
and  to  14.7  pounds  per  square  inch,  212°;  whence  7", 
=  787.625*'    and    7",  =  672°.     Therefore,    the    efficiency  = 

7ft7  fiOK f572 

Zl  uc.^        =14.68^.     Since  this  14.68jf  represents  the 

efficiency  when  the  steam  operates  through  a  reversible 
cycle,  it  is  evident  that  no  non-condensing  steam  engine 
operating  with  a  boiler  pressure  of  100  pounds,  absolute,  can 
attain  an  efficiency  as  high  as  14.68^,  for  perfect  conditions 
can  never  be  obtained,  there  being  no  substance  which  is  a  per- 
fect non-conductor  of  heat.  The  dotted  outline  B^  C  U  F*  G 
shows  a  very  good  diagram  supposed  to  be  taken  from  an 
actual  engine.  Here  the  initial  pressure  is  V^  B\  5  pounds 
less  than  the  boiler  pressure.  The  back  pressure  is  a 
little  over  2  pounds,  say  enough  to  make  it  17  pounds, 
absolute.  It  will  be  noticed  that  all  of  the  corners,  except 
B\  are  rounded,  and  that  the  expansion  line  C  D  falls  below 
the  theoretical  expansion  line  C  D.  In  consequence  of  this, 
the  engine  operates  as  though  the  boiler  pressure  were 
95  pounds  (corresponding  to  a  temperature  of  323.936°)  and 
the  back  pressure  17  pounds  (corresponding  to  a  tempera- 
ture of  219.452°).     Hence,  the  theoretical  thermal  efficiency 

To  show  what  the  conditions  must  be  in  order  that  the 
steam  engine  may  operate  through  a  reversible  cycle,  con- 
sider Fig.  234  again.  It  is  absolutely  necessary  that  the 
cycle  be  closed ;  hence,  the  steam  must  be  cut  off  at  some 
point  L  so  chosen  that,  during  the  succeeding  adiabatic  ex- 
pansion, the  pressure  will  fall  to  F,  E  at  the  end  of  the 
stroke;  a  point  H  vn\xst  be  chosen  for  the  point  of  exhaust 
closure  such  that,  at  the  end  of  the  subsequent  adiabatic 
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compression,  the  pressure  will  be  V^  B.  In  other  words,  the 
diagram  must  h^  B  L  E  H  B,  With  these  conditions  ful- 
filled, and  with  a  cylinder  which  is  a  perfect  non-conductor 
of  heat,  the  cycle  would  be  reversible,  provided  there  were 
no  rounded  corners. 
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FUNDAMENTAL  PRINCIPLES  OF 
REFRIGERATION. 


THE  MEANS  OF   PRODUCING   REFRIGERATION. 

1331.  Refrigeration  may  be  defined  as  the  process 
of  lowering  the  temperature  of  a  body  or  of  keeping  the 
temperature  below  that  of  the  atmosphere. 

1332.  Production  of  Cold. — Cold  may  be  produced 
by  one  of  the  following  processes : 

1.  A  transfer  of  heat  from  a  warmer  to  a  colder  body. 

2.  A  chemical  action,  as  exemplified  by  the  so-called 
freezing  mixtures.  (See  Instruction  Paper,  Heat^  Art. 
1142.) 

3.  The  adiabatic  expansion  of  a  gas.  As  explained  in  Heat^ 
Art.  1164,  no  heat  is  added  to  or  abstracted  from  a  gas 
during  adiabatic  expansion.  If,  therefore,  the  gas  does  work 
in  pushing  a  piston,  this  work  must  be  performed  at  the 
expense  of  the  energy  contained  in  the  gas;  the  temperature 
of  the  gas  will  therefore  fall,  or,  in  other  words,  the  gas  will 
be  cooled.  It  is  to  be  carefully  noted  that  if  a  gas  does  no 
work  during  adiabatic  expansion,  its  temperature  does  not 
fall. 

4.  Evaporation  of  liquids  having  low  boiling  points.  It  was 
shown  in  Heat,  Art.  1 139,  that  when  a  liquid  is  changed  to 
a  vapor,  a  certain  quantity  of  heat,  called  the  latent  heat  of 

For  notice  of  copyright,  sec  page  immediately  following  the  title  page. 
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vaporization^  must  be  added  to  the  liquid  to  effect  the  change. 
When  this  process  of  vaporization  or  evaporation  takes  place 
in  the  presence  of  other  bodies,  the  heat  required  for  it  is 
drawn  from  these  bodies,  and  they  are  thereby  cooled. 

1333.  The  third  method  of  producing  cold  mentioned 
in  the  preceding  paragraph  suggests  a  mechanical  process  of 
refrigeration.  Referring  to  Heat,  Art.  1 1 78  and  Fig.  232, 
let  the  volume  of  the  gas  in  the  cylinder  be  represented  by 
the  abscissa  O  l\  and  the  pressure  by  the  ordinate  l\  C. 
Let  the  gas  be  compressed  adiabatically  until  it  has  the  vol- 
ume represented  by  O  P\  and  the  pressure  represented  by 
F,  B.  During  this  adiabatic  compression  no  heat  is  added  to 
or  abstracted  from  the  gas.  A  certain  amount  of  work — 
represented  by  the  area  B  C  F,  l\ — is  done  on  the  gas  by  the 
piston  and  is  stored  up  in  the  gas,  thus  causing  a  rise  of  tem- 
perature. When  the  gas  is  in  the  state  represented  by  the 
point  B,  conceive  the  head  a  to  be  replaced  by  the  conduct- 
ing head  ^,  and  let  the  cylinder  be  placed  in  contact  with  a 
body  which  we  will  call  the  hot  body.  As  the  gas  is  compressed, 
heat  passes  freely  from  it  to  the  hot  body,  the  gas  will  remain 
at  constant  temperature,  and  the  compression  will  be  iso- 
thermal. Suppose  the  state  of  the  gas  at  the  end  of  com- 
pression to  be  represented  by  the  point  A ;  then  the  work 
done  by  the  piston  is  represented  by  the  area  B  AV^  F,. 
Since  the  temperature  of  the  gas  does  not  change  during  this 
isothermal  process,  the  gas  neither  receives  nor  loses  energy, 
and  the  heat  given  up  to  the  hot  body  must  be  the  exact 
equivalent  of  the  work  done  on  the  gas  and  represented  by 
the  area  B  A  l\  V^.  Let  the  cylinder  be  removed  from  the  hot 
body,  and  let  the  gas  expand  adiabatically  from  the  state  A 
to  the  state  represented  by  D.  Since  the  gas  receives  no  heat 
during  this  expansion,  the  work  done  by  it  upon  the  piston — 
represented  by  the  area  A  D  l\  V^ — must  be  supplied  by  the 
gas  itself;  that  is,  the  gas  parts  with  enough  of  its  energy  to 
do  this  work,  and  as  a  result  its  temperature  falls.  We  will 
assume  that  the  expansion  proceeds  until  the  temperature  of 
the  gas  is  the  same  as  at  the  initial  state,  represented  by  the 
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point  C,  Suppose,  now,  that  the  cylinder  is  placed  in  contact 
with  a  second  body,  which  we  will  designate  the  cold  body^ 
and  that  the  head  of  the  cylinder  is  again  a  perfect  con- 
ductor. Let  the  gas  now  expand  isothermally  from  the 
state  D  to  the  initial  state  C,  During  this  expansion,  the  gas 
does  the  work  represented  by  the  area  DCV^  V^  upon  the 
piston;  but  since  the  temperature  of  the  gas  remains  con- 
stant, the  energy  stored  up  in  it  remains  constant  also; 
therefore  the  body  in  contact  with  the  cylinder  must  give  up' 
to  the  gas  the  heat  equivalent  of  the  work  done  on  the 
piston. 

1334.  It  IS  obvious  that  an  engine  operating  through 
the  cycle  just  described  is  a  refrigerating-machine.  It  takes 
a  certain  quantity  of  heat  (?,  from  the  cold  body  and  adds 
a  certain  greater  quantity  of  heat  Q^  to  the  hot  body.  The 
difference  Q^  —  Q^  represents  the  heat  equivalent  of  the  net 
work  done  by  the  piston  upon  the  gas,and  is  represented  by 
the  area  A  B  C  D, 

The  refrigerating-machine,  it  will  be  observed,  is  a  heat 
engine  reversed.  The  latter  goes  through  the  Carnot 
cycle  (see  Fig.  232)  in  the  order  A  B  C  D  \  the  former  in  the 
order  A  D  C  B,  The  heat  engine  takes  a  quantity  of  heat 
Q^  from  the  hot  body,  gives  up  a  smaller  quantity  (2,  to  the 
cold  body,  and  changes  the  difference  Q^—Q^  into  mechani- 
cal work ;  the  refrigerating-machine,  on  the  contrary,  takes 
the  heat  Q^  from  the  cold  body,  changes  the  mechanical 
work  into  the  heat  Q^—Q^y  and  delivers  the  heat  (2,  to  the 
hot  body. 

1335.  The  Carnot  cycle  of  a  refrigerating-machine 
using  a  saturated  vapor  as  a  working  fluid  Is  shown  in 
Fig.  317.  Suppose  the  vapor  to  be  in  the  state  represented 
by  the  point  A ;  that  is,  the  volume  is  represented  by  O  F, 
and  the  pressure  by  V^A.  The  vapor  is  compressed  adia- 
batically  from  the  state  A  to  the  state  B^  and  then  isother- 
mally from  B  to  C.  The  pressure  of  any  saturated  vapor 
depends  only  upon  the  temperature;  therefore,  if  the 
temperature  remains  constant,  as  in  isothermal  expansion. 
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the  pressure  also  remains  constant,  and  the  isothermal  line 
B Cis  3L  straight  line  parallel  to  the  axis  O X.  (See  Steam 
and  Steam  Engines^  Art.  1210*)  During  the  compression 
from  B  to  C,  some  or  all  of  the  vapor  is  condensed.     The 


Fig.  817. 

latent  heat  liberated  by  this  change  of  state  is  absorbed  by 
the  hot  body.  The  next  stage  of  the  process  is  adiabatic 
expansion  from  the  state  C  to  the  state  D^  and  this  is 
followed  by  isothermal  expansion  from  the  state  D  to  the 
original  state  A,  During  this  isothermal  expansion,  the 
liquid  changes  back  to  a  vapor,  and  the  heat  required  to 
effect  this  vaporization  is  taken  from  the  cold  body  with 
which  the  cylinder  is  in  contact. 

As  in  the  previous  case,  a  quantity  of  heat  Q^  is  given  up 
to  the  hot  body,  a  smaller  quantity  (2,  is  abstracted  from 
the  cold  body,  and  mechanical  work  equivalent  to  the 
difference  Q^  —  (2,  is  done  by  the  machine  upon  the  working 
fluid.  It  is*  to  be  noted  that  in  the  present  instance  the 
refrigeration  is  produced  by  the  vaporization  of  a  volatile 
liquid. 

1 336.  In  actual  operation,  the  cycle  of  the  ref rigerating- 
machine  differs  materially  from  that  of  the  ideal  Carnot 
cycle.     In  the  ideal  cases  just  described,  the  working  fluid 
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is  assumed  to  remain  in  the  cylinder.  In  practice  this  is 
not  the  case.  The  steam  engine  receives  steam  from  the 
boiler,  the  source  of  heat,  and  rejects  the  exhaust  steam 
into  the  condenser  after  extracting  a  certain  portion  of  it  in 
the  form  of  work.  Likewise  the  refrigerating-machine 
takes  a  supply  of  the  working  fluid  from  the  cold  body,  does 
a  certain  amount  of  work  upon  it,  rejects  it  at  a  higher 
temperature  to  the  condenser,  which  we  have  heretofore 
called  the  hot  body,  and  takes  a  new  supply  from  the  cold 
body. 

In  practice  the  cold  body  is  either  a  room  with  non-con- 
ducting walls,  in  which  are  placed  the  articles  to  be  chilled, 
or  a  non-freezing  liquid  called  a  brine,  which  after  being 
cooled  may  be  pumped  through  coils  of  pipes  in  the  rooms 
to  be  cooled.  The  hot  body  is  a  condenser,  through  the 
coils  of  which  the  working  fluid  is  forced  by  the  compressor 
piston.  Water  is  kept  continually  flowing  over  the  coils  of 
the  condenser  and  carries  away  the  heat  generated  by  the 
isothermal  compression  BA,  Fig.  232,  or  B  C,  Fig.  317. 

1337.  It  is  instructive  to  note  the  relation  of  the 
refrigeration  process  to  the  second  law  of  thermodynamics. 
(See  Art.  1177,  Heat,)  This  law  asserts  that  heat  can 
not  pass  from  a  cold  to  a  hot  body  by  a  self -acting  process 
unaided  by  external  agency.  In  other  words,  whenever  heat 
is  transferred  from  a  body  to  a  warmer  body,  there  must  be 
some  work  expended  to  effect  the  transfer.  In  the  process 
described  above,  the  refrigerating-machine  is  the  agent  used 
in  transferring  the  heat  from  the  refrigerating  room  to  the 
condensing  water,  and  the  work  expended  by  the  machine 
on  the  fluid  is  that  required  in  the  transfer.  The  transfer 
of  heat  may  be  expressed  algebraically  as  follows: 

Let  C  =  heat  delivered  to  condenser  in  B.  T.  U. ; 
Q^  =  heat  taken  from  body  cooled  in  B.  T.  U. ; 
^F=  work  in  foot-pounds  done  by  engine  on  working 

fluid; 
/   =  778  =  mechanical  equivalent  of  heat. 

Then,  (2.=  a  +  J-  (108.) 
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CAPACITY     AND     EFFICIENCY     OF     REFRIGER- 
ATING-MACHINES. 

1338.  Refrigreratingr  Capacity. — The  capacity  of 

a  refrigerating-machine  is  a  measure  of  its  ability  to  abstract 
heat. 

The  unit  of  refrigeratiyig^  or  ice-melting,  capacity  is  the 
quantity  of  heat  required  to  melt  one  ton  (2,000  pounds)  of 
ice  at  32**  F.  to  water  at  32°  F.  Since  142.65  B.  T.  U.  are 
required  to  melt  one  pound  of  ice  at  32°  F.  (see  Table  22), 
the  unit  of  refrigerating  capacity  is  equivalent  to  142.65 
B.  T.  U.  X  2,000  =  285,300  B.  T.  U.  The  refrigerating  capac- 
ity of  a  machine  expressed  in  tons  is  given  by  the  following 
formula: 
Let  //"=  B.  T.  U.  abstracted  from  cold  body  in  24  hours; 

//  =  B.  T.  U.  abstracted  from  cold  body  in  1  hour; 

F  ^z  refrigerating  capacity  expressed  in  tons. 

^=iii7-o-     <"»•> 

Illustration. — A  refrigerating-machine  abstracts  2,375,241  B.T.  U. 
in  24  hours.     The  ice-melting  capacity  is 
2.375,241       Q  _^  ^ 
"285:300- =  ^-^'^^^ 

1339.  Ice-Making  Capacity. — The  ice-making  ca- 
pacity is  the  number  of  tons  of  ice  that  a  machine  is  capa- 
ble of  freezing  in  twenty-four  hours.  As  the  temperature 
of  the  water  from  which  the  machine  freezes  the  ice  varies 
from  50°  to  95°,  and  as  it  is  necessary  to  cool  this  water  to 
32°  before  any  ice  can  be  made,  it  will  be  seen  that  the  ice- 
making  capacity  is  variable  and  is  largely  affected  by  the 
conditions  under  which  the  machine  operates.  Owing  to  the 
necessity  of  cooling  the  water  from  which  the  ice  is  made 
from  its  initial  temperature  to  a  temperature  below  the 
freezing  point,  and  owing  to  other  losses,  such  as  radiation, 
etc.,  the  ice-making  is  only  about  50  or  60  per  cent,  of  the 
ice-melting  capacity. 
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1340*     Efficiency. — The   theoretical    maximum  effi- 

T  ^  T 
ciency  of  a  heat  engine  is  given  by  the  expression     '  ^ — \ 

(See  Heat,  Art.  1182.)  If  we  denote  by  Q^  and  ^„ 
respectively,  the  heat  given  up  by  the  hot  body  and  the  heat 
rejected  to  the  cold  body,  it  can  readily  be  shown  that  this 

efficiency  is  also  given  by  the  ratio  ■  '  ^  *.  Referring 
to  Heat,  Art.  1182,  the  heat  equivalent  of  the  work  per- 
formed during  isothermal  expansion  is  i— ^ — ^)^i> 

and  the  heat  equivalent  of  the  work  of  isothermal  compres- 
sion is  {— —  /^«'     ^^  ^^  shown  in  Art.  1181  that 

OV       OF 

yyj-^  =  -Tyrfy    ^r    ^1  =  ^t  5    hence,  denoting    the    constant 

— y^^ ^^  ^'   by   k,   we    have    Q^=^kT^,    Q^^kT^,   and 

— i-= — 2  =      ^',  ^ — ^^  =  ^'  ^  ^*.     This  expression  might 

^,  ^Qx  Qx 

have   been   written  at  once,  for  the  efficiency    of   a    heat 

engine  is  clearly  the  ratio  of  the  heat  transformed  into 

mechanical  work  to  the  whole  quantity  of  heat  supplied. 

In  the  case  of  the  refrigerating-machine,  the  useful  work 

is  measured  by  the  quantity  of  heat  Q^  removed  from  the 

cold  body,  and  the  work  expended,  that  is,  the  work  done 

by   the   machine   upon    the    working    fluid,    expressed    in 

heat-units,  is  a  -  Q^   B.  T.  U.       The   ratio    ^  ^'         of 

the  work  obtained  to  the  work  expended  is  called  the 
^^r/>«rj  of  the  refrigerating-machine.  If  7",  and  7",,  respect- 
ively, denote  the  absolute  temperatures  at  which  the  heat 
is  abstracted  from  the  cold  body  and  delivered  to  the  con- 
denser, then,  as  in  the  case  of  the  heat  engine,  Q^-=i  kT^  and 

Q  T 

Q^  =  k  T^\    hence  ^  ^'       =  j^^^p-     Denoting  the  theo- 

retical  maximum  efficiency  by  E,  we  have  the  following 
formulas : 
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(111.) 

E-      ^' 

(112.) 

^-r.-r; 

(113.) 

In  the  last  formula,  J  and  W  have  the  same  significance  as 
in  Art.  1337. 

In  the  case  of  the  steam  engine,  the  efficiency  increases 

with  the  range  of  temperature,  and  the  effort  of  the  engineer 

is  to  make  the  difference   7",— 7\  as  large  as  possible  by 

increasing  boiler  pressure  and  lowering  the  temperature  of 

the  exhaust  steam.     With  the  refrigerating-machine,  on  the 

T 
other   hand,  the  expression  E  =  ^  ^*       shows    that     the 

efficiency  is  increased  by  making  the  difference  T^^T^ 
smaller ;  that  is,  the  efficiency  increases  as  the  temperature  of 
the  cold  body  increases  and  the  temperature  of  the  condenser 
{hot  body)  decreases.  It  is  of  course  impossible  to  attain  the 
maximum  theoretical  efficiency  in  practice  on  account  of 
the  losses  of  various  kinds  in  the  process,  such  as  the  fric- 
tion of  the  machine,  heat  losses  by  radiation,  etc.  The 
work  actually  delivered  to  the  compressor  is  always  greater 
than  the  mechanical  equivalent  of  the  heat  (2,  — <2,- 

Example. — If,  per  cubic  foot  of  ammonia,  64.5  B.  T.  U.  are  carried 
from  the  cold  room  and  78.6  B.  T.  U.  are  delivered  to  the  condenser, 
what  is  the  theoretical  maximum  efficiency  ? 

Solution.-     E=  ^-^^  =  ^3^  __  ^^  ^  __  =  7.09.    Ans. 

1 341  •  In  general  it  is  found  that  the  efficiency  as  defined 
above  is  greater  than  1,  which  is  apparently  a  contradiction 
of  the  fundamental  law  that  the  efficiency  of  a  machine  is 
always  less  than  1.  (See  Elementary  Mechanics^  Arts. 
949  and  950.)  This  is  due  to  the  fact  that  in  ordinary 
machines  a  certain  amount  of  energy  is  delivered  to  the 
machine  and  a  certain  percentage  of  that  energy  appears 
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as  useful  work,  the  remainder  being  expended  in  overcom- 
ing losses  due  to  frijction ;  thus  the  energy  obtained  is  a  part 
of  that  expended.  In  the  refrigerating-machine,  however, 
the  energy  obtained,  that  is,  the  heat  abstracted  from  the 
cold  body,  is  not  a  part  of  the  energy  supplied  to  the 
machine,  and,  in  fact,  has  no  direct  connection  with  it.  The 
work  to  be  done  by  the  compressor  is  not  the  mechanical 
equivalent  of  the  heat  abstracted,  but  represents  only  the 
difference  between  that  heat  and  the  heat  delivered  to  the 
condenser.  If,  under  exceptional  circumstances,  the  cooling 
water  used  with  the  condenser  should  have  a  temperature 
lower  than  the  temperature  of  the  cold  body,  heat  would  of 
itself  flow  from  the  cold  body  to  the  condenser,  and  no 
compressor  or  working  fluid  would  be  required.  This  con- 
sideration shows  that  there  is  no  necessary  connection 
between  the  work  of  the  compressor  and  the  heat  abstracted 
from  the  cold  body,  and  as  a  consequence  the  ratio  of  one 
to  the  other  may  be  either  greater  or  less  than  1. 

1342.  A  refrigerating-machine  is  generally  driven  by 
a  steam  engine;  therefore  the  energy  delivered  to  the 
machine  is  contained  primarily  in  the  fuel  fed  to  the  fur- 
nace, usually  coal.  For  this  reason,  it  is  customary  in  com- 
mercial work  to  measure  the  commercial  efficiency  or  the 
economy  of  a  refrigerating-machine  by  the  pounds  of  ice- 
melting  effect  per  pound  of  coal  used.  For  every  pound  of 
coal  consumed  in  the  boiler  to  produce  steam  to  operate  the 
refrigerating-machine,  a  quantity  of  heat  is  abstracted 
from  the  cold  body  sufficient  to  melt  a  definite  number  of 
pounds  of  ice  at  32"  F.  into  water  at  S^""  F.  (See  Art. 
1338*)  This  quantity  of  ice  is  a  measure  of  the  com- 
mercial efficiency  of  the  machine. 

Example. — A  refrigerating-machine  having  an  actual  capacity  of 
23.5  tons  requires  4,350  pounds  of  coal  per  24  hours  to  operate  it. 
Required,  the  efficiency  expressed  in  ice  per  pound  of  coal. 

Solution.—  23.5  tons  =  47,000  lb. ;  47,000  -j-  4,350  =  10.8;  hence, 
10.8  pounds  of  ice  are  melted  per  pound  of  coal  burned.    Ans. 
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THE   AIR  REFRIGERATING-MACHINE. 

1343.  The  air  machine  utilizes  the  fall  of  temperature 
that  occurs  when  compressed  air  expands  adiabatically  and 
performs  work.  The  principles  underlying  the  operation  of 
this  machine  are  stated  in  Art.  1333. 

The  general  arrangement  of  an  air  refrigerating-machine 
is  shown  in  Fig.  318.     The  machine  consists  essentially  of  a 


Fig.  818. 

single-acting  compression  cylinder  Ay  expansion  cylinder  B^ 
also  single-acting,  a  condenser  R,  and  a  cooler  or  refrig- 
erator box  D,  The  piston  of  the  cylinder  A  is  provided 
with  suction  valves  F,  V  opening  inwards,  a  discharge-valve 
Vy  and  also  with  a  water-jacket  y.  The  diameter  of  the 
cylinder  B  is  slightly  less  than  that  of  A.  The  piston  is 
solid,  but  the  cylinder-head  is  provided  with  two  valves,  an 
inlet  valve  5  and  an  outlet  valve  S\  which  are  operated  by 
the  eccentrics  C  and  C\  The  pistons  are  driven  by  cranks 
set  at  180°.  The  condenser  7^  is  a  surface  condenser  and 
receives  a  current  of  cold  water  from  the  water-jacket  y  of 
the  compression  cylinder  A.  A  receiver  R'  is  connected 
with  the  condenser  and  also  communicates  with  the  inlet 
valve  S  of  the  expansion  cylinder  B. 

The  air  at  ordinary  pressure  is  taken  into  the  cylinder  A 
through  the  valves  F,  F,  and  is  compressed  adiabatically  until 
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the  pressure  becomes  sufficient  to  open  the  valve  V*.  The 
air  then  passes  into  the  condenser  R^  where  it  comes  in  con- 
tact with  the  cold  surfaces  of  that  vessel.  The  adiabatic 
compression  has  raised  the  temperature  of  the  air,  but  in 
passing  through  the  condenser,  some  of  the  heat  contained 
in  the  air  is  given  up  to  the  cold  water  circulating  through 
the  condenser,  and  the  temperature  is  lowered  nearly  to 
that  of  the  surrounding  air.  During  this  time  the  valve  5 
of  the  expansion  cylinder  B  opens  and  permits  an  amount 
of  air  equal  in  weight  to  that  expelled  from  A  to  pass  from 
the  receiver  R'  into  the  cylinder.  The  valve  5  closes  and 
the  air  in  the  cylinder -ff  expands,  forcing  the  piston  forwards 
and  doing  a  certain  amount  of  work,  which  may  be  deducted 
from  the  work  of  the  compression.  This  expansion  of  the 
air  in  the  cylinder  B  and  the  performance  of  work  in  forcing 
the  piston  forwards  is  at  the  expense  of  the  energy  stored  in 
the  air.  The  air  therefore  gives  up  sufficient  heat  to  do  the 
mechanical  work,  and  as  a  result  its  temperature  falls. 
As  the  air  on  entering  B  was  at  a  normal  temperature,  the 
expansion  brings  the  temperature  below  that  of  the  sur- 
rounding objects.     In  other  words,  the  air  is  cooled. 

When  the  piston  in  B  reaches  the  upper  limit  of  its  stroke, 
the  valve  S'  opens,  and  as  the  piston  descends,  the  cooled 
air  escapes  by  means  of  the  pipe-  T  into  the  refrigerator 
box2>. 

The  difference  between  the  work  done  on  the  air  in  the 
compression  cylinder  and  that  done  by  the  air  in  the  expan- 
sion cylinder,  and,  in  addition,  the  work  required  to  overcome 
the  friction  of  the  entire  machine,  must  be  supplied  by  a 
steam  engine  or  other  motor. 

1344.  The  operation  of  the  actual  air  machine  as  just 
outlined  differs  in  some  degree  from  the  action  of  the  ideal 
machine  as  described  in  Art.  1333)  and  the  cycle  of  the 
actual  machine  differs  from  the  Carnqt  cycle.  The  cycle 
has,  as  usual,  four  operations;  they  are:  compression,  cool- 
ing, expansion,  and  refrigeration.  Let  O  V,  Fig.  319, 
represent  the  volume  of  air   taken   into   the   compression 
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Pig.  819. 


cylinder  per  stroke.     During  compression  the  volume  de- 
creases and  the  pressure  rises,  as  indicated  by  the  curve  A  B. 

The  water  circulating 
through  the  jacket  carries 
away  some  of  the  heat  de- 
veloped, so  that  the  com- 
pression is  not  strictly 
adiabatic,  and  the  temper- 
ature at  the  end  of  com- 
pression is  less  than  it 
would  be  if  the  curve 
A  B  were  an  adiabatic. 

As  the  air  from  A^ 
Fig.  318,  is  pushed  into 
the  condenser  R^  an  equal 
weight  is  delivered  to  the  cylinder  B\  consequently  the 
weight  of  air  in  R^  K  and  the  conducting  pipes  is  practi- 
cally constant,  and  the  pressure  remains  practically  constant 
also.  During  the  second  operation,  therefore,  the  air  is 
cooled  in  the  condenser  at  constant  pressure.  According  to 
Gay-Lussac*s  law  {^Pneumatics ^  Art.  1054),  the  cooling  is 
accompanied  by  a  decrease  in  volume.  If  O  F^,  Fig.  319, 
represents  the  volume  before  cooling,  O  F,  will  represent 
the  volume  after  coolings  and  the  operation  will  be  repre- 
sented by  the  constant-pressure  line  B  C,  The  temperature 
of  the  air  in  the  state  represented  by  C  is  not  much  above 
that  of  the  surrounding  atmosphere. 

The  air  now  enters  the  cylinder  B  and  expands  adiabati- 
cally;  the  temperature,  which  was  normal  at  the  beginning 
of  the  expansion,  must  fall  much  below  the  temperature 
of  surrounding  objects;  the  volume  increases  from  O  F,  to 
O  F^.  The  cylinder  B  is  made  of  such  diameter  that  when 
the  piston  reaches  the  end  of  its  stroke,  the  pressure  of  the 
air  will  be  just  that  of  the  atmosphere.  This  third  opera- 
tion is  represented  by  the  curve  CD, 

The  air  is  now  pushed  into  the  cooler  D  by  the  return 
stroke  of  the  piston.  Being  colder  than  the  surrounding 
objects,   it  absorbs   heat  from   them   and   expands   at  the 
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constant  pressure  1\  D,  If  the  supply  to  the  compressor  had 
been  of  the  same  temperature  as  the  cooler;  for  example,  if 
the  compressor  had  drawn  its  supply  from  the  cooler,  the 
volume  in  the  cooler  would  increase  from  O  V^  to  the  original 
volume  O  F,,  as  indicated  by  the  line  DA^  and  the  cycle 
would  be  closed.  Usually,  however,  it  is  more  convenient 
to  reject  the  air  into  the  cooler  D  and  draw  the  fresh  sup- 
ply from  the  atmosphere,  which  has  a  much  higher  tem- 
perature. In  this  case,  it  is  evident  that  the  air  does  not 
return  to  its  original  state  in  the  cooler,  and  the  cycle  is  not 
closed. 

1345*  General  Theory. — In  the  following  discus- 
sion, it  will  be  assumed,  for  the  sake  of  simplicity,  that  com- 
pression and  expansion  are  adiabatic  and  that  the  air  is  drawn 
into  the  compressor  from  the  cooling  chamber,  so  that  the 
machine  works  through  a  closed  cycle.  The  clearance  of 
the  two  cylinders  will  be  neglected.  Referring  to  the  dia- 
gram. Fig.  319,  let  Vay  F^,  V^y  Va  denote  the  volumes, 
T^y  /"ft ,  Tcy  Ta  the  absolute  temperatures,  and  /^ ,  /^ ,  /^ ,  /^ 
the  ordinary  temperatures  of  the  air  when  in  the  states  rep- 
resented by  the  points  A^ByC^  and  Z>,  respectively;  and  let 
/,  and  /,  denote  the  pressures  of  the  air  during  the  opera- 
tions D  A  and  B  C,  respectively ;  also  let  Sp  and  s„  denote, 
respectively,  the  specific  heat  of  air  at  constant  pressure 
and  constant  volume,  and  let  M  denote  the  weight  of  air 
used  per  stroke  of  the  compressor. 

The  temperatures  /«  of  the  cooling  chamber  and  /^  of  the 
air  as  it  leaves  the  condenser  are  known  or  assumed,  and 
the  temperatures  /^  and  /^  can  be  obtained  by  formula  86, 
Heat.     Thus, 

To  find  the  volume  of  the  air  at  the  end  of  compression, 
we  have,  from  formula  81, 


or 


■="-(7;)'"  <*> 
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The  volume 
decreases  frorr 
to  formula  71 

of  the  air  during  the  cooling  in  the  condenser 
I  l\  to  Vc  at  constant  pressure.     According 

9 

p,V,  =  RMT„ 

and 

p,V,  =  RMT,. 

Dividing, 

or 

V,=  V,^.     (r) 

Finally, 

or 

V.=  K.(-ff. 

.  Since  from 

{/>) 

/A\rVi_  V, 
\PJ      -  K' 

we  have 

Va 

V              V        V 

The  preceding  formulas  enable  us  from  the  assumed  data 
to  calculate  the  volume  and  temperature  of  the  gas  at  each 
of  the  four  points  A,  B^  C,  and  D, 

The  heat  given  up  by  the  air  to  the  condenser  is 

Q^  =  s^A/{r,-f,).     (e)    (See  Art.  1135, /^m/.) 

The  heat  absorbed  by  the  air  from  the  cooler  as  it  expands 
from  Z>  to  ^  is 

The  specific  heat  Sp  is  used  for  the  reason  that  the  air 
passes  through  the  condenser  and  through  the  cooler  at  con- 
stant pressure,  as  shown  by  the  lines  Z?  C  and  D  A, 

The  heat  equivalent  of  the  work  done  on  the  air — repre- 
sented by  the  area  ABC  D — must  be  precisely  the  differ- 
ence between  the  heat  delivered  to  the  condenser  and  that 
abstracted  from  the  cooler.  Hence,  denoting  the  net  work 
by  W^  we  have 
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or  PV=/s^M[  {(,  -  /,)  -  (/„  -  ta)  ] 

=/s,Af[{T,-T,)-(T^-T,)l     U) 
The  theoretical  efficiency  is  therefore 

F-/a_  /s,M{T„-T,) 

~  w  -js^M [  ( r,  -  7,)  -  ( y;  -  r,) ] 


T.-r, 


(n-7;)-(r„-7;)- 

'ft 


{k) 


Since  -~  =  -^^,  it  can  readily  be  shown  that  the  expression 

T  T 

reduces  to  E=  -rp — ^-^  =  -^^ — ^-^.     (/) 

Since  the  net  work  per  stroke  is  (F,  if  we  denote  the  num- 
ber of  strokes  per  minute  by  w,  the  horsepower  required  to 
drive  the  machine  is 

The  gross  horsepower  required  will  of  course  be  much 
greater,  on  account  of  the  friction  of  the  two  pistons  and  of 
the  other  parts  of  the  machine. 

If  desired,  the  work  W  may  be  expressed  in  terms  of  the 
pressures  and  volumes  instead  of  temperatures.  Thus,  using 
formula  88,  Heat^ 

W^  (area  A  B  KK)  =  ^^H^.V,-AK\ 

W^  (area  BCV„  V,)  =  144  A  (  K  -  Vc). 

W^  (area  CD  V.  V.)  =  144(A  ^.-A  ^-.). 

W^  (area  DAV,  V,)  =  144/,  ( F„  -  F,). 

144  X  i^  [A  ( K  -  K)  -/.( K  -  K)  ].     (^) 

The  factor  144  is  used  to  reduce  the  pressures  from  pounds 
per  square  inch  to  pounds  per  square  foot. 
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The  heat  (2»  is  given  up  by  the  air  in  the  condenser.  If  G 
denote  the  weight  of  cooling  water  used  per  stroke,  and 
t^  and  tf  the  temperature  of  the  water  on  entering  and  leav- 
ing the  condenser,  the  heat  absorbed  by  the  water  per 
stroke  is  G  {tf  —  t,)  B.  T.  U. 

Hence,  G  (t,  -  /,)  ^Q^^s^M  (/,  -  /,), 

The  capacity  of  the  compression  cylinder  (neglecting 
clearance)  is  F^  and  that  of  the  expansion  cylinder  is  F^. 
To  find  the  ratio  of  these  volumes,  we  have 

A  V,  =  RMTa, 

and  p,V,=RMT^', 

whence,  dividing  one  equation  by  the  other, 

TT-'T''     (^'') 

1346.  To  illustrate  the  application  of  the  equations 
developed  in  the  preceding  article,  the  horsepower  and 
approximate  cylinder  dimensions  for  an  air  refrigerating- 
machine  will  be  calculated  from  the  following  data:  The 
machine  is  required  to  have  an  ice-melting  capacity  of  300 
pounds  of  ice  per  hour.  The  pressure  (absolute)  in  the  cold 
chamber  is  14.7  pounds  per  square  inch,  and  the  tempera- 
ture is  40°  F.  The  pressure  in  the  expansion  cylinder  at 
cut-off  is  50  pounds  gauge,  or  64.7  pounds  absolute.  The 
initial  and  final  temperatures  of  the  cooling  water  are  65° 
and  85°,  and  the  temperature  of  the  air  as  it  leaves  the 
cooler  is  95°  F.  The  machine  is  single-acting  and  makes 
75  strokes  per  minute. 

The  heat  Q^  abstracted  per  hour  is 

142.65  B.  T.  U.  X  300  =  42,795  B.  T.  U. 

42  795 
The  heat  abstracted  per  stroke  is       '         =  9.51  B.  T.  U. 
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The  absolute  temperature  at  the  end  of  compression  is 

(M  \  .290T8  /nA  7\  .a»o'- 

^j  =  (40°  +  460°)  X  (^j  =  769. 33° ; 

hence,  /j,  =  769.33°  -  460°  =  309.33°  F. 

The   temperature    T;  =  95°  +  466°  =  555°;   according   to 
formula  (^), 

therefore,        /^  =  360.703°  -  460°  =  -  99.297°. 
Substituting  known  values  in  formula  (/), 

9.51  =  .23751  X  ^  X  [40  -  (  -  99.297)  ], 

^=  /2375r>^^+~l*0:297)  =  '^'^^  P^""^' 
The  volume  F^,  which  is  the  capacity  of  the  compressor 
cylinder,  can  now  be  found  from  formula  71,  /feat.  The 
weight  of  air  per  stroke  is  .2874  pound,  and  the  absolute 
temperature  T^  at  which  the  air  is  admitted  to  the  com- 
pressor is  40°  +  460°  =  500° ;  hence  the  volume  is 

y^  =  RM7\  =  .37052X^874X500  ^  3^^^  ^^    ^^ 

For  the  volume  V^  of  the  expansion  cylinder,  we  have, 
from  formula  (w), 


7^.1-0.00,    360.703 
^,=  .„^       3.622  X-^^ 


F\  =  F.  ^^  =  3.622  X  ""-^^^^^  =  2.613  cu.  ft. 


These  volumes  should  be  increased  about  20  per  cent, 
to  allow  for  the  loss  due  to  clearance  and  to  fall  of  pressure 
caused  by  the  resistance  of  valves  and  passages,  and  for 
various  imperfections  in  the  operation  of  the  machine. 
Making  this  allowance,  the  cylinders  may  have  the  following 
dimensions: 

Diameter  of  compression  cylinder,  22    inches  ; 

Diameter  of  expansion  cylinder,      18^  inches  ; 

Length  of  stroke  of  both  cylinders,  20    inches. 
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The  work  per  stroke  is 

iv=/s,  j/[(7;-  7;)  -  (7;-  T,)]  = 

778  X  .23751  X  .2874  X  [(769.33  -  555)  -  (500  -  360.703)]  = 
3,984.7  foot-pounds. 
The  net  horsepower  required  is 

^-SpOO-       33,000       -9-06H.P. 

The  gross  horsepower  will  be  about  |  of  the.net  horse- 
power, or  12.08  H.  P. 

The  cooling  water  required  per  minute  is 

75  (7  ^  75  -^p  ^  v^^      *<-)  __ 

75  X  .23751  X  .2874  X  (309.33  -  95)       ^,  ^^  , 

— rr-^ =  54.86  pounds. 

00  —  bo 

The  theoretical  efficiency  of  the  machine  is 

^_       T^      _  500  _ 

^-  T.^T,-  769.33  -  500  "  ^•^^^- 

Since  the  machine  transfers  heat  from  the  cold  room, 
where  the  temperature  is  40°,  or  500°  absolute,  to  the 
condensing  water,  the  final  temperature  of  which  is  T^  = 
85°  +  460°  =  545°,  the  maximum  possible  efficiency  of  a 
perfect  engine  working  between  these  temperatures  through 
a  Carnot  cycle  is 

The  theoretical  efficiency  is  therefore  only  about  -J-  of  the 
maximum  theoretical  efficiency. 

1347.  Capacity  of  Air  Machine. — A  formula  for 
the  theoretical  ice-melting  capacity  of  an  air  refrigerating- 
machine  may  be  derived  as  follows:  Let  T^  denote  the  tem- 
perature of  the  air  entering  the  compressor;  if  the  cycle  is 
closed,  T^  is  the  same  as  7*^,  Art.  1345,  but  in  general  this 
is  not  the  case.  As  in  the  previous  discussion,  V^  and  V^ 
are  the  volumes  of  the  compression  and  expansion  cylinders, 
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T^  the  temperature  of  the  air  at  the  end  of  expansion,  and 
T^  the  temperature  of  the  cooling  chamber.  Let  /,  denote 
the  pressure  at  the  end  of  expansion ;  this  pressure  should 
be  that  of  the  atmosphere,  14.7  pounds,  if  the  expansion 
cylinder  is  properly  proportioned  and  the  valves  are  set 
correctly. 

The  weight  of  air  M  entering  the  compressor  per  stroke 
is  given  by  the  formula 

whence  M^^-^. 

K  y, 

Provided  there  is  no  loss  of  air  in  passing  through  the 
machine,  the  same  weight  of  air  must  be  delivered  by 
the  expansion  cylinder ;  that  is, 

R  t; 

The  heat  abstracted  per  stroke  is 

Using  the  second  value  of  J/, 

If  n  denotes  the  number  of  strokes  per  minute,  the  heat 
H  extracted  in  24  hours  is  given  by  the  expression 

/T  =  24  X  60  X  ^^^  (  T;  -  T^)  = 


24x60X^^^^(^-l). 


Now,  making  use  of  formula  lOO,  the  ice-melting  capac- 
ity is 

Z7-       ^      _^^X60      ;iJpA^a/r  -  r  \- 
285,300      285,300^      RT^      ^    ""       ^' " 


24X_60       ns^p^V,,(T,       \ 
285,300^         R        \Ta       /* 
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Substituting  the  numerical  values  .23751  and  .37052  for 
Sp  and  Ry  we  obtain  finally 


or 


i^=. 003235 «/,-^(7;-  7^), 


(114.) 


If  the  weight  of  air  is  found  from  the  delivery  of  the 
expansion  cylinder,  the  pressure  /,  may  be  found  by  means 
of  an  indicator.  If  an  indicator  is  not  available,  the  pres- 
sure may  be  taken  as  14.7  lb.  per  square  inch.  The  tem- 
perature Ta  and  T^  must  also  be  determined. 

Example. — The  diameter  of  the  expansion  cylinder  is  21  inches  and 
the  stroke  is  24  inches.  The  temperature  of  the  air  after  expansion  is 
—  52",  the  temperature  of  the  refrigerating  chamber  is  33"*,  and  the 
pressure  in  the  chamber  is  14.7  lb.  per  sq.  in.  The  machine  makes 
70  strokes  per  minute.     Required,  the  theoretical  ice-melting  capacity. 

7854  X  21*  X  24 
Solution. — The  volume  Vd  of  the  cylinder  is  '- \'rtciQ    —  = 

1,7<60 

4.81  cu.  ft. 

ra  =  460° +  33°  =  493%  and  Td  =  460°  -  52°  =  408% 
Substituting  these  values  in  formula  114, 

F^  .003235  X  70  X  14.7  X  4.81  X  (^  -  l)=  8.835. 

the  ice-melting  effect  in  tons  per  24  hours.    Ans. 

1348.     Economy  of  tlie  Air  Maclilne. — The  ideal 

air  refrigerating-machine,  like  the  ideal  hot-air  engine,  has 
theoretically  a  high  efficiency.  In  practice,  however,  the  air 
machine  has  proved  to  be  a  wasteful  and  uneconomical 
machine,  and  it  is  at  present  rarely  used,  save  under  excep- 
tional circumstances.  The  principal  reasons  for  the  ineffi- 
ciency of  the  actual  air  machine  are  as  follows: 

1.  Friction. — As  the  cooling  effect  is  accomplished  by 
means  of  the  increase  of  the  sensible  heat  in  the  air  and  not 
by  the  latent  heat  of  evaporation,  as  in  the  case  of  the 
ammonia  machine,  it  follows  that  the  compression  cylinder 
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must  be  large.  In  practice,  the  cylinder  of  the  air  machine 
has  about  twenty  times  the  capacity  of  that  of  an  ammo- 
nia machine  of  the  same  tonnage ;  the  usual  quantity  of  air 
delivered  per  minute  is  about  one  hundred  cubic  feet  per  ton 
of  ice-melting  capacity.  This  increase  in  the  size  of  the 
cylinders  as  compared  with  those  of  other  classes  of 
machines  means  a  much  greater  expenditure  of  work  in  fric- 
tion. In  actual  practice,  this  friction  loss  amounts  to  about 
25  per  cent,  of  the  total  work. 

2.  Clearance. — In  the  case  of  the  air  machine  there  are 
two  cylinders,  a  compression  and  an  expansion  cylinder, 
instead  of  the  single  compression  cylinder  of  the  ammonia 
machine.  There  is,  therefore,  at  least  double  the  clearance 
space.  The  air  machines  are  usually  built  with  a  short 
stroke,  which  also  increases  the  clearance  per  cubic  foot  of 
air  pumped. 

Clearance  spaces  greatly  decrease  the  efficiency  of  any 
machine  that  has  to  compress  a  gas,  for  if  the  piston  does 
not  come  up  close  to  the  head  at  the  end  of  its  stroke,  it 
can  not  expel  all  the  gas  or  air,  and  the  portion  that  is  left 
expands  again  in  the  cylinder  and  virtually  cuts  down  the 
capacity  of  the  machine  by  that  amount.  It  has  been, 
therefore,  the  study  of  all  builders  of  machines  for  com- 
pressing gases  to  do  away  with  clearance  spaces  as  much  as 
possible. 

3.  Cylinder  Superheating, — When  air  is  compressed,  it 
becomes  heated  and  naturally  heats  the  walls  of  the  cylin- 
der. The  cylinder  being  hot,  the  air  drawn  in  during  the 
next  stroke  also  becomes  heated.  This  heating  reduces  the 
density  of  the  air,  which  affects  both  capacity  and  economy. 
In  order  to  overcome  this  difficulty,  the  cylinder  was  jack- 
eted, but  this  only  partly  remedied  the  defect,  owing  to  the 
slow  transmission  of  heat  through  the  walls  of  the  cylinder. 
The  Bell-Coleman  Co.  then  added  to  their  machine  water 
injection  during  compression.  The  injection  did  away 
largely  with  the  cylinder  superheating,  but  augmented 
another  defect,  namely: 
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4.  Moisture, — Air  at  any  ordinary  temperature  can  hold 
a  certain  amount  of  water  vapor  in  suspension.  The  limit, 
or  point  of  saturation,  that  is,  the  point  at  which  the  air 
can  hold  no  more  water  vapor,  is  called  the  dei^ir  point. 
When  this  point  is  reached,  the  excess  of  moisture  above 
that  which  the  air  is  able  to  hold  is  precipitated  in  the  form 
of  dew.  The  weight  of  moisture  contained  in  a  given  vol- 
ume of  air  at  the  dew  point  is  not  the  same  for  all  tempera- 
tures; in  fact,  air  will  hold  in  suspension  four  times  the 
weight  of  moisture  at  72°  that  it  will  at  32°.  Assume  that 
the  air  on  entering  the  expansion  cylinder  is  at  a  tem- 
perature of  72°  and  is  saturated  with  moisture.  As  the 
temperature  falls  during  expansion,  the  water  is  gradually 
precipitated  out  and  condenses  on  the  walls  of  the  cylinder. 
The  water  cools  as  the  expansion  goes  on  until  it  reaches 
32°,  and  then  it  freezes.  The  condensation,  cooling,  and 
freezing  of  the  water  take  a  great  deal  away  from  the  use- 
ful effect  of  the  machine.  Besides,  the  snow,  which  is  the 
result  of  freezing  the  moisture,  often  gives  trouble  by  clog- 
ging the  valves. 

The  Haslam  Foundry  and  Engineering  Co.,  Derby,  Eng- 
land, make  what  is  known  as  a  **  dry-air  "  system.     They 


FlO.  320. 


place  a  drier  in  the  suction-pipe  from  the  condenser  to  the 
expansion  cylinder.  The  compression  cylinder  A^  Fig.  320, 
takes  the  cold  air  from  the  refrigerator  box  D.     On  its  way 
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to  Af  this  cold  air  passes  through  the  pipes  of  the  drier  M, 
The  cold  strikes  through  these  pipes  and  cools  the  air  sur- 
rounding the  pipes  on  its  way  from  the  receiver  R'  to  the 
expansion  cylinder  B.  The  air  gives  up  a  large  percentage 
of  its  moisture  in  the  drier,  and  the  frosting  in  the  cylinder 
B  is  much  diminished. 


LATENT-HEAT  REFRIGERATING- 
MACHINES. 


FLUIDS  USED  AS  REFRIGERATING  AGENTS. 

1349*  The  air  refrigerating-machine  produces  its  re- 
frigerating effect  by  means  of  the  fall  of  temperature  inci- 
dent to  adiabatic  expansion.  In  all  other  refrigerating- 
machines,  the  abstraction  of  heat  is  brought  about  by  the 
vaporization  of  some  liquid  having  a  low  boiling  point. 
Such  machines  may  be  classed  as  latent-lieat  refrigerating- 
machines. 

1 350*  Theoretically,  any  volatile  liquid  may  be  used  as 
a  working  fluid  in  a  latent-heat  machine ;  there  are,  however, 
various  considerations  of  a  practical  nature  that  govern  the 
choice  of  the  liquid.  The  chief  requisites  of  the  fluid  used 
are:  (1)  It  should  vaporize  at  a  low  temperature  when  at 
ordinary  atmospheric  pressure.  (2)  It  should  have  a  high 
latent  heat. 

The  fluids  that  have  been  used  in  compression  machines 
are  ether,  sulphur  dioxide,  anhydrous  ammonia,  and  Pictet's 
fluid. 

1351*  The  following  table  gives  the  boiling  points  and 
latent  heats  of  various  substances  at  atmospheric  pressure, 
14. 7  pounds  per  square  inch. 
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TABLE  23. 


Substance. 


Temperature 

of  Boiling 

Point. 


Latent  Heat, 
B.  T.  U. 


Specific  Heat 
of  Liquid. 


Nitric  Acid 

Saturated  Brine 

Water 

Alcohol 

Chloroform 

Ether,  Sulphurous  . . . . 

Ether,  Methyl 

Sulphur  Dioxide 

Anhydrous  Ammonia. . 
Carbon  Dioxide 


248°  F. 

226°  F. 

212°  F. 

173°  F. 

140°  F. 

95°  F. 

-  10°  F. 

14°  F. 

28.5°  F. 

140°  F. 


966 


170 

168.7 

573 

141 


1.0000 


.5299 

.4100 

1.0058 

.  9550 


Under  a  pressure  of  342  pounds  per  square  inch,  carbon 
dioxide  boils  at  a  temperature  of  5°.  Its  latent  heat  under 
the  same  conditions  is  121.5. 


ETHER. 

1352*  Early  in  the  history  of  ice-making  and  refriger- 
ating machines,  ether  was  almost  universally  used  as  the 
working  fluid.  This  was  due  to  its  high  condensing  tem- 
perature and  consequent  low  condensing  pressure.  This 
low  condensing  pressure  made  it  possible  to  use  compression 
pumps  of  ordinary  construction,  very  much  after  the  style 
and  pattern  of  air-pumps.  However,  the  disadvantages  in 
the  use  of  ether  were  found  to  be  very  great ;  the  first  cost 
of  ether  is  considerable ;  but  the  greatest  objection  to  it  is 
its  inflammability  and  its  liability  to  explode  when  mixed 
with  air.  

SULPHUR  DIOXIDE. 

1353«  The  objections  to  ether  led  to  further  investi- 
gation.    Sulphur  dioxide  was  found  to  be  more  efficient  than 
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ether,  for,  though  it  required  a  higher  condensing  pressure. 
It  did  not  require  to  be  evaporated  under  a  vacuum.  Con- 
sequently the  compression  pumps  were  made  somewhat 
smaller  for  a  given  capacity,  but  were  built  stronger  and 
more  attention  was  given  to  the  elimination  of  clearance 
spaces.  The  temperatures  produced  with  sulphur  dioxide, 
though  lower  than  that  obtained  with  ether,  were  not  suffi- 
ciently low. 

Table  24  gives  the  leading  properties  of  Sulphur  dioxide. 

TABLE    24. 


PROPBRTIBS  OF  SATURATBD  SULPHUR    DIOXIDE. 


Tempera- 
ture of 
Ebulli- 
tion in 
Deg.F. 

Absolute 
Pressure 

in  Lb. 
per  Sq.  In. 

Total  Heat 

Reckoned 

from  32" 

Fahr. 

Heat  of 

Liquid 

Reckoned 

from  82" 

Fahr. 

Latent 
Heat  of 
Vaporiza- 
tion. 

Density 
of  Vapor 

or 
Weight 

of  1 
Cubic  Ft 

Deg.  F. 

Lb. 

B.  T.  U. 

B.  T.  U. 

B.  T.  U. 

Lb. 

-40 

3.16 

155.22 

-17.76 

172.98 

.048 

-31 

4.23 

156.39 

-16.55 

172.94 

.062 

-22 

5.56 

157.55 

-15.05 

172.60 

.079 

-13 

7.23 

158.69 

-13.26 

171.95 

.099 

-  4 

9.27 

159.82 

-11.18 

171.00 

.124 

5 

11.76 

160.93 

-   8.82 

169.75 

.154 

14 

14.75 

162.02 

-   6.17 

168.19 

.190 

23 

18.31 

163.10 

-   3.23 

166.33 

.232 

32 

22.53 

164.16 

0.00 

164.16 

.282 

41 

27.48 

165.21 

3.52 

161.69 

.341 

50 

33.26 

166.24 

7.32 

158.92 

.410 

59 

39.93 

167.25 

11.41 

155.84 

.491 

68 

47.62 

168.25 

15.79 

152.46 

.584 

77 

56.39 

169.23 

20.45 

148.78 

.692 

86 

66  37 

170.20 

25.41 

144.79 

.819 

95 

77.64 

171.15 

30.65 

140.50 

.965 

104 

90.32 

172.08 

30. 18 

135.90 

1.131 
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PICTET  FLUID. 

1 354.  It  was  found  by  Prof.  Pictet,  a  Swiss  physicist, 
that  a  mixture  of  97^  of  sulphur  dioxide  and  3^  carbon 
dioxide,  commonly  known  as  carbonic  acid  gas,  gives  a  boil- 
ing point  14°  F.  lower  than  pure  sulphur  dioxide.  This 
liquid,  or  rather  mixture,  has  been  since  known  as  Pictet 
Fluid.  Its  latent  heat  has  never  been  closely  determined, 
but  is  very  nearly  the  same  as  that  of  pure  sulphur  dioxide. 


CARBON  DIOXIDB. 

1355.  This  liquid  has  the  lowest  boiling  point  of  any 
of  the  fluids  employed  in  refrigeration.  Under  a  gauge 
pressure  of   200  pounds  per   square   inch,   it  will   have  a 

TABLE    25. 


PROPBRTIBS  OP  SATURATED  CARBON  DIOXIDB. 


Tem- 
perature 
of  Ebul- 
lition in 
Deg.  F. 

Absolute 
Pressure 

in  Lb.  Per 
Sq.  In. 

Total  Heat 
from  33'  F. 

Heat  of 

Liquid 

from  32°  F. 

Latent  Heat 
of  Vapori- 
zation. 

Density  of 
Vapor,  or 
Weight  of 
1  Cu.  Ft. 

-22 

210 

98.35 

-  37.80 

136.15 

2.321 

-13 

249 

99.14 

-  32.51 

131.65 

2.759 

-    4 

292 

99.88 

-  26.91 

126.79 

3.265 

5 

342 

100.58 

-  20.92 

121.50 

3.853 

14 

396 

101.21 

-  14.49 

115.70 

4.535 

23 

457 

101.81 

-    7.56 

109.37 

5.331 

32 

525 

102.35 

0.60 

102.35 

6.265 

41 

599 

102.84 

8.32 

94.52 

7.374 

60 

680 

103.24 

17.60 

85.64 

8.708 

59 

768 

103.59 

28.22 

75.37 

10.356 

68 

864 

103.84 

40.86 

62.98 

12.480 

77 

968 

103.95 

57.06 

46.89 

15.475 

86 

1,080 

103.72 

84.44 

19.28 

21.519 
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temperature  of  about  —  22**  F.  Its  condensing  pressure  is 
correspondingly  high,  being  about  900  pounds  per  square 
inch  for  a  water  temperature  of  70**  F. 

Table  25  gives  the  properties  of  carbon  dioxide  at  dif- 
ferent temperatures. 


AMMONIA. 

1356.  Cttemlcal  Composition. — One  atom  of  nitro- 
gen combines  with  three  atoms  of  hydrogen  to  form  one 
molecule  of  ammonia;  this  is  the  only  combination  of 
these  two  elements.  The  ordinary  ammonia  of  commerce  is 
a  solution  of  ammonia  gas  in  water,  and  is  properly  known 
as  aqua  ammonia.  The  gas  which  passes  off  from  the 
aqua  ammonia  is  the  ammonia  formed  by  the  combination  of 
nitrogen  and  hydrogen.  When  this  gas  is  entirely  free 
from  vapor  of  water,  it  is  called  anliydrous  ammonia  gas. 

1357.  Physical  Properties. — Ammonia  gas,  when 
liquefied  under  a  high  pressure  and  allowed  to  evaporate 
under  atmospheric  pressure,  gives  a  temperature  of  28.5°  F. 
below  zero.  Liquid  anhydrous  ammonia  when  subjected  to 
a  temperature  of  —  115**  F.  freezes  and  forms  a  solid.  In 
this  state  it  is  almost  odorless  and  is  heavier  than  the  liquid. 

Ammonia  has  no  effect  on  either  iron  or  steel,  but  rapidly 
corrodes  copper  and  brass.  It  is  therefore  necessary  to 
make  the  parts  of  ammonia  machines  out  of  the  former 
metals. 

At  a  temperature  of  900°  F.,  the  gas  is  resolved  into  its 
constituent  elements.  But  it  is  probable  that  this  dissocia- 
tion occurs,  to  a  limited  degree,  at  much  lower  temperatures. 

Ammonia  is  not  inflammable  at  ordinary  temperatures, 
but  if  mixed  with  oxygen  will  burn  with  a  pale-yellow  flame. 
The  liquid  will  not  explode,  but  when  run  into  drums  or 
flasks,  room  should  be  left  for  expansion.  Like  almost  all 
liquids,  ammonia  expands  when  heated,  and  if  sufficient 
space  is  not  left  for  expansion,  the  flask  is  likely  to  burst  if 
exposed  to  a  high  temperature. 
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TABLE  26. 


PROPERTIES  OP  SATURATED  AMMONIA. 


Tempera- 
ture. 

Pressure, 
Absolute. 

Heat 
of 

Volume 
of 

Volume 
of 

Weight 
of  a 

Vaporization, 
Thermal 

Vapor 
per  Lb., 

Liquid 
per  Lb., 

Cu.  Ft. 
of  Vapor, 

Degrees  F. 

Lb. 
per  Sq.  In. 

Units. 

Cu.  Ft. 

Cu.  Ft. 

Pounds. 

/ 

/ 

r 

V 

vx 

w 

-   40 

10.69 

579.67 

24.3700 

.0234 

.0410 

-    35 

12.31 

576.69 

21.2900 

.0236 

.0467 

-   30 

14.13 

573.69 

18.6600 

.0237 

.0535 

-   25 

16.17 

570.68 

16.4100 

.0238 

.0609 

-    20 

18.45 

567.67 

14.4800 

.0240 

.0690 

-    15 

20.99 

564.64 

12.8100 

.0242 

.0779 

-    10 

23.77 

561.61 

11.3600 

.0248 

.0878 

-     5 

26.93 

558.56 

10.1200 

.0244 

.0988 

0 

30.37 

555.50 

9.0400 

.0246 

.1109 

4-      5 

34.17 

552.43 

8.0600 

.0247 

.1241 

+    10 

38.55 

549.35 

7.2300 

.0249 

.1384 

+    15 

42.93 

546.26 

6.4900 

.0250 

.1540 

-+-    20 

47.95 

543.15 

5.8400 

.0252 

.1713 

+    25 

53.43 

540.03 

5.2600 

.0253 

.1901 

+    30 

59.41 

536.92 

4.7500 

.0254 

.   .2105 

+   35 

65.93 

533.78 

4.3100 

.0256 

.2320 

-+-   40 

73.00 

530.63 

3.9100 

.0257 

.2588 

+   45 

80.66 

527.47 

3.5600 

.0260 

.2809 

-+-   50 

88.96 

524.30 

3.2500 

.0260 

.8076 

+    55 

97.93 

521.12 

2.9600 

.0260 

.3378 

+    60 

107.60 

517.93 

2.7000 

.0265 

.3704 

+    65 

118.03 

514.73 

2.4800 

.0266 

.4034 

-h    70 

129.21 

511.52 

2.2700 

.0268 

.4405 

-h    75 

141.25 

508.29 

2.0800 

.0270 

.4808 

4-    80 

154.11 

504.66 

1.9100 

.0272 

.5286 

+   85 

167.86 

501.81 

1.7700 

.0273 

.5649 

+    90 

182.80 

498.11 

1.6400 

.0274 

.6098 

+   95 

198.37 

495.29 

1.5100 

.0277 

.6622 

+  100 

215.14 

491.50 

1.3900 

.0279 

.7194 

+  105 

232.98 

488.72 

1.2890 

.0281 

.7757 

+  110 

251.97 

485.42 

1.2030 

.0283 

.8312 

+  115 

272.14 

482.41 

1.1210 

.0285 

.8912 

+  120 

293.49 

478.79 

1.0410 

.0287 

.9608 

+  125 

316.16 

475.45 

.9699 

.0289 

1.0310 

+  130 

340.42 

472.11 

.9051 

.0291 

1.1048 

+  135 

365.16 

468.75 

.8457 

.0293 

1.1824 

+  140 

892.22 

465.39 

.7910 

.0295 

1.2642 

+  145 

420.49 

462.01 

.7408 

.0297 

1.3497 

+  150 

450.20 

458.62 

.6946 

.0299 

1.4396 

+  155 

481.54 

455.22 

.6511 

.0302 

1.5358 

+  160 

514.40 

451.81 

.6128 

.0304 

1.6318 

+  165 

549.04 

448.39 

.5765 

.0306 

1.7344 
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1358*  The  leading  properties  of  ammonia  that  are 
dependent  upon  the  pressure  or  temperature  are  given  in 
Table  26,  which  is  taken  from  Wood's  ** Thermodynamics." 
The  table  is  calculated  from  the  following  formulas,  which 
are  based  partly  on  experimental  data  and  partly  on  thermo- 
dynamic principles  : 

Let  /  =  absolute  pressure  of  gas  or  vapor  in  pounds  per 
square  inch; 
/  =  temperature  of  vapor,  Fahrenheit ; 
V  =  volume  of  one  pound  of  vapor; 
v^=  volume  of  one  pound  of  ammonia  liquid; 
«;=  weight  of  one  cubic  foot  of  vapor; 
r  =  latent  heat  of  vaporization  in  B.  T.  U. 

Then,  log  /  =  6.2495  -  j^^,.  (115.) 

^'  ■■  .  6502  -  .  000778  /'  ^       ^'^ 

«;  =e/,+  .00107^/ +.4923^.  (117.) 

P  P 

1 

«/  =  — . 

V 

r  =  555.5  -  .613  /  -  .000219  /'.  (118.) 

It  will  be  noted  that  with  ammonia  vapor,  as  with  all 
other  saturated  vapors,  the  temperature  depends  only  upon 
the  pressure,  and  vice  versa;  the  relation  between  the 
temperature  and  pressure  is  given  by  formula  115. 

A  comparison  of  the  properties  of  ammonia  with  those  of 
other  refrigerating  fluids  shows  that  the  latent  heat  of 
vaporization  of  ammonia  is  much  greater  than  that  of  other 
fluids.  This  property  makes  ammonia  especially  desirable 
as  a  refrigerating  agent,  because,  on  account  of  the  high 
latent  heat,  a  greater  refrigerating  effect  per  pound  of  fluid 
circulated  can  be  obtained  with  ammonia  than  with  the 
other  agents. 
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1359.  Specific  Heat. — The  specific  heat  of  liquid 
anhydrous  ammonia  has  been  variously  computed  to  be 
from  1  to  1.2  that  of  water.  The  latest  determinations 
show  it  to  be  1.0058,  virtually  the  same  as  water.  The 
specific  heat  of  ammonia  gas  is  .508. 

1360.  Saturated  and  Superlieated  Gas. — When 
the  temperature  of  the  ammonia  gas  is  the  same  as  that  of 
the  boiling  point  of  liquid  anhydrous  ammonia  due  to  the 
pressure  of  the  gas,  the  gas,  or  rather  vapor,  is  at  its 
greatest  density  and  is  said  to  be  saturated.  If  heat  is 
applied  to  this  saturated  gas  so  that  its  temperature  is 
increased  while  the  pressure  remains  constant,  the  gas 
becomes  superheated  and  approaches  very  nearly  a  perfect 
gas  in  its  properties.  (See  Steam  and  Steam  Engines, 
Arts.  1191   and  1192.) 

The  relation  between  the  pressure  volume  and  tempera- 
ture of  superheated  ammonia  gas  has  not  yet  been  accu- 
rately determined.  For  ordinary  purposes,  however,  the 
following  equation  is  sufficiently  exact : 

pv  =  ,Q^M  T,  (119.) 

where   M  is   the   weight   of    gas   and    T  is   the   absolute 
temperature. 

Corresponding  to  formulas  81,  86,  and  87,  Heat,  we 
have  the  following  approximate  formulas  for  the  adiabatic 
expansion  of  superheated  ammonia: 

p.vr=p,vr.      (12a) 

T       lv\-* 
'      '  -^  (122.) 


hW- 


1361.     Aqua   Ammonia. — As   already    stated    (Art. 
1356),  aqua  ammonia,  known  also  as  ammonia  liquor, 

is  a  solution  of  ammonia  gas  in  water.  At  32°  F.  and  under 
atmospheric  pressure,  water  will  absorb  1,140  times  its  vol- 
ume of  ammonia  gas.     The  amount  of  gas  held  in  solution 
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affects  the  specific  gravity  of  the  solution ;  the  more  gas 
absorbed  the  less  the  density.  The  amount  of  ammonia 
that  can  be  absorbed  by  water  is  governed  by  the  tempera- 
ture of  the  water  and  the  pressure  of  the  gas.  The  colder 
the  water  and  greater  the  pressure,  the  greater  the  quantity 
of  ammonia  taken  up. 

1 362.  The  strength  of  a  solution  of  anhydrous  ammonia 
in  water  is  determined  by  an  instrument  called  a  hydrom- 
eter—Beaume's  hydrometer — which  is  used  for  determin- 
ing the  densities  of  various  liquids,  as  shown  in 

Fig.  321.  It  consists  of  a  glass  tube  with  a  bulb 
near  the  middle  and  a  second  bulb  near  the  end, 
partly  filled  with  mercury.  A  graduated  scale 
is  marked  on  the  stem.  When  this  instrument 
is  placed  in  a  liquid,  it  is  evident  that  it  will 
sink  deeper  the  less  the  density  of  the  liquid ; 
hence  the  density  will  be  indicated  by  the  mark 
on  the  scale  at  the  level  of  the  liquid.  For 
liquids  lighter  than   water,  the  point  to  which 

the  instrument  sinks  when  placed  in  a  solution  

of  10  parts  of  salt  to  90  of  water  is  marked  0°,  and  ^^^'  ^' 
the  point  to  which  it  sinks  in  distilled  water  is  marked  10°. 
The  space  between  the  two  marks  is  divided  into  10  parts,  and 
the  division  is  continued  to  the  top  of  the  stem.  The  hydrom- 
eter thus  graduated  is  generally  used  for  ammonia  solu- 
tions, though  there  is  another  graduation  in  which  the  read- 
ing for  pure  water  is  0°  instead  of  10°. 

In  Table  27,  the  first  column  gives  the  number  of  parts 
of  ammonia  gas  in  100  parts  of  the  solution,  the  second 
column  gives  the  specific  gravity  of  the  solution,  and  the 
third  column  gives  the  corresponding  reading  on  the 
Beaume  hydrometer.  For  example,  if  the  hydrometer 
reading  is  16°,  the  solution  consists  of  10  parts,  by  weight,  of 
ammonia  to  90  parts  of  water,  and  the  specific  gravity  of 
the  solution  is  .960. 

1 363.  Heat  of  Absorption. — As  stated  in  //cat,  ail 
chemical  actions  are  accompanied  by  an  increase  or  decrease 
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TABLE   27. 


STRENGTH   OF    AMMONIA   LIQUOR. 


Percentage  of 
Ammonia  by 

Specific  Gravity. 

Degrees 

Beauin6. 

Weight. 

Water  10°. 

.    Water  0°. 

1 
0 

1.000 

10.0 

0 

1 

.993 

11.0 

1.0 

2 

.986 

12.0 

2.0 

4 

.979 

1'3.0 

3.0 

6 

.972 

14.0 

4.0 

8 

.966 

15.0 

5.0 

10 

.960 

16.0 

6.0 

13 

.953 

17.1 

7.0 

14 

.945 

18.3 

8.2 

16 

.938 

19.5 

9.2 

18 

.931 

20.7 

10.3 

20 

.925 

21.7 

11.2 

22 

.919 

22.8 

12.3 

24 

.913 

23.9 

13.2 

26 

.907 

24.8 

14.3 

28 

.902 

25.7 

15.2 

30 

.897 

26.6 

16.2 

32 

.892 

27.5 

17.3 

34 

.888 

28.4 

18.2 

36 

.884 

29.3 

19.1 

38 

.880 

30.2 

20.0 

in  the  temperature  of  the  mixture.  This  is  especially  true 
of  solutions.  In  the  case  of  ammonia  absorbed  in  water, 
925.7  B.  T.  U.  is  given  up  for  each  pound  of  ammonia  gas 
absorbed  under  atmospheric  pressure.  Though  no  very 
exhaustive  experiments  have  been  made  on  this  subject, 
results  deduced  from  the  practical  running  of  refrigerating- 
machines  show  that  this  figure  is  practically  constant. 
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Since  heat  is  given  up  when  ammonia  gas  is  absorbed,  heat 
will  be  absorbed  when  the  gas  is  again  liberated  from  the 
water.  The  quantity  of  heat  necessary  to  liberate  one 
pound  of  anhydrous  gas  is  925. 7  B.  T.  U.,  the  same  amount 
of  heat  that  is  given  out  by  the  solution  when  the  gas  is 
being  absorbed. 

1 364.  T©»t»  for  Ammonia. — If  it  is  desired  to  test 
the  purity  of  liquid  anhydrous  ammonia,  draw  some  out 
into  a  flask  having  a  cork  with  a  bent  tube  inserted  in  it. 
Wrap  the  flask  up  in  dry  waste  or  cloth  before  drawing  off 
the  ammonia,  or  the  fingers  are  liable  to  be  frozen  fast  to 
the  flask.  The  liquid  ammonia  evaporates  slowly,  the  gas 
passing  out  of  the  bent  tube.  If  an  accurate  low-tempera- 
ture thermometer  is  obtainable  and  is  immersed  in  the  boil- 
ing liquid,  it  should  indicate  a  temperature  of  —28.5°  F.,  with 
normal  barometric  pressure.  If  the  liquid  is  pure  anhy- 
drous ammonia,  there  should  be  no  residue  left  in  the  flask. 
A  deposit  of  oil  or  water  indicates  impure  ammonia. 

To  detect  a  leak  in  piping  in  case  the  odor  does  not  betray 
it,  hold  a  glass  rod  moistened  with  muriatic  acid  near  the 
supposed  leak.  A  white  fume  rising  from  the  rod  indicates 
an  escape  of  ammonia. 

To  detect  ammonia  leaks  in  piping  under  water  or  brine, 
add  to  a  sample  of  the  suspected  liquid  a  few  drops  of 
Nvsslcr's  Reagent ;  a  yellow  coloring  indicates  traces  of 
ammonia,  but  if  the  quantity  of  ammonia  is  large,  the  color 
changes  to  a  dark  brown. 

1 365.  To  Prepare  **  Nessler's  Reagent." — Dissolve 
17  grams  (0.6  oz.)  of  mercuric  chloride  in  about  300  cubic 
centimeters  (10^  fluid  oz.)  of  distilled  water;  dissolve  35 
grams  (IJ  oz.)  of  potassium  iodide  in  100  cubic  centimeters 
(3J^  oz.)  of  water;  add  the  former  solution  to  the  latter, 
with  constant  stirring,  until  a  slight  permanent  red  pre- 
cipitate is  produced.  Next  dissolve  120  grams  (4^oz.)of 
potassium  hydrate  in  about  200  cubic  centimeters  (7  oz.) 
of  water;  allow  the  solution  to  cool;  add  it  to  the  above 
solution,  and  make  up  with  water  to  one  liter  (33i  oz.),  then 
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add  mercuric  chloride  solution  until  a  permanent  precipitate 
again  forms;  allow  to  stand  till  settled,  and  decant  off  the 
clear  solution  for  use ;  keep  it  in  glass-stoppered  blue  bottles, 
and  set  away  in  a  dark  place  to  keep  it  from  decomposing. 


RELATIVE  EFFECT  OF  REFRIGERATING  FLUIDS. 

1366.  The  density  of  the  gas  at  the  evaporating  tem- 
perature and  the  latent  heat  of  the  liquid  determine  the  size 
of  the  compression  cylinder  necessary  for  any  required  ca- 
pacity. The  same  machine  working  between  5°  and  64.4° 
will  give  the  following  cooling  effects  per  cubic  foot  of  com- 
pressor piston  displacement  under  theoretically  perfect  con- 
ditions: 

Carbon  Dioxide 248.18  B.  T.  U. 

Ammonia 62.75  B.  T.  U. 

Sulphur  Dioxide 22.88  B.  T.  U. 

Sulphuric  Ether 3.68  B.  T.  U. 


THE  AMMONIA   COMPRESSION    SYSTEM. 


GENERAL    DESCRIPTION. 

1367.  Suppose  a  flask  or  ordinary  bottle  B,  Fig.  322, 
supplied  with  a  cork  having  a  bent  tube  G  inserted, 
be  partially  filled  with  anhydrous 
ammonia.  This  can  be  done  easily, 
as  the  evaporation  of  the  ammonia  is 
comparatively  slow,  owing  to  its  high 
latent  heat.  As  the  ammonia  enters 
the  flask,  frost  will  begin  to  gather  on 
the  outside.  If,  now,  we  place  this 
flask  into  a  pail  A  partially  filled  with 
water  C^  in  a  short  time  ice  D  will 
begin  to  gather  on  the  outside  of  the 
flask.  This  is  the  simplest  form  of 
ice-machine,  but  in  this  form  the 
liquid  ammonia,  when  it  evaporates,  passes  out  of  the  flask 
and  is  lost. 
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As  with  all  volatile  vapors,  the  temperature  at  which 
vaporization  (or  condensation)  occurs  rises  as  the  pressure 
of  the  vapor  increases.  To  prove  this,  insert  a  thermom- 
eter  into  the  flask  so  that  the  bulb  is  immersed  in  the  boil- 
ing ammonia.  The  temperature  will  fall  rapidly,  and  if  the 
thermometer  is  correct,  it  should 
register  28.5°  below  zero.  Take 
a  piece  of  pipe ;  weld  or  plug  one 
end  and  fit  the  other  with  a  cap 
B,  Fig.  323.  Arrange  a  stuffing- 
box  C  about  the  thermometer  T 
in  the  cap;  also  provide  an  open- 
ing connecting  with  the  pressure 
gauge  P.  Unscrew  the  cap  and 
pour  the  contents  of  the  flask 
into  the  pipe  -^  and  screw  on  the 
cap -5.  If  the  gauge  points  to  zero, 
the  thermometer  should  still  read 
—28.5°  F.  Watch  the  gauge  and 
thermometer  carefully.  The  am- 
monia evaporating  in  the  pipe 
liberates  gas.  As  this  gas  can 
not  escape,  it  creates  a  pressure 
in  the  pipe,  which  will  be  shown 
on  the  gauge,  and  a  correspond- 
ing increase  in  the  temperature 
of  the  boiling  ammonia  will  be- 
come apparent.  This  will  con- 
tinue until  the  temperature  of  the 
liquid  will  be  identical  with  the  ^^^*  ^ 

surrounding  objects.  Assume  this  temperature  to  be  about 
70°  F. ;  the  gauge  should  then  show  a  pressure  of  130  pounds 
per  square  inch.  If,  therefore,  we  keep  the  temperature  of 
the  pipe  at  70°  by  immersing  it  in  water  at  that  tempera- 
ture, and  arrange  to  keep  a  pressure  slightly  in  excess  of  130 
pounds  per  square  inch  in  the  pipe,  no  further  evaporation 
will  take  place,  and  the  remaining  liquid  ammonia  will  lie 
quietly  in  the  pipe. 
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1368.  From  the  foregoing,  it  is  apparent  that  if  some 
means  be  devised  of  taking  the  evaporating  gas  as  it  leaves 
the  flask  in  Fig.  322  and  transfer  this  gas  into  the  pipe  of 
Fig.  323,  it  would  be  possible  to  save  the  gas.  In  place  of 
a  short  piece  of  pipe-^.  Fig.  323,  take  a  large  coil  of  pipe  A, 
Fig.  324,  submerged  in  a  tank  of  water  C.  The  water 
enters  by  means  of  the  pipe  /%  and  the  overflow  passes  out 
of  the  pipe  F';  the  continuous  flow  tends  to  keep  the  tem- 
perature of  the  coil  A  constant.  Replace  the  flask  B  in 
Fig.  322   with   a   coil  of  pipe  B^  Fig.  324,  immersed  in  a 


Fig.  824. 

water-tank  D.  Provide  a  pump  capable  of  working  against 
a  high  pressure,  and  connect  the  suction  of  the  pump  with 
the  coil  B  and  the  discharge  with  the  coil  A ;  also  provide 
pressure  gauges  G'  and  G  on  each  of  these  lines.  Connect 
the  bottom  of  the  two  coils  together,  and  place  a  valve  £  in 
the  line.  Partially  fill  the  coil  A  with  anhydrous  ammonia. 
If  the  temperature  of  the  water  in  A  is  about  70°,  the  gauge 
G'  will  show  a  pressure  of  130  pounds.  Open  the  valve  £ 
slightly  and  leave  it  open.  The  pressure  denoted  by  the 
gauge  G  will  gradually  rise,  and  ice  will  begin  to  form  on 
the  lower  pipes  of  B,  When  the  pressure  shown  by  G  has 
reached  15  pounds,  start  the  pump  /*.  This  pump  will  draw 
the  gas  out  of  the  coil  /i,  compress  it,  and  deliver  it  to  the 
coil  A,     The  gas  entering  A^  which  has  been  heated  by  the 
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compression,  comes  in  contact  with  the  cold  pipe  surface, 
and  is  first  cooled  until  its  temperature  is  but  little  above 
that  of  the  condensing  water  flowing  out  through  F\  The 
gas  then  condenses  and  falls  to  the  bottom  of  the  coil  in  the 
form  of  liquid  anhydrous  ammonia.  As  the  valve  E  is  open, 
the  coil  A  is  prevented  from  filling  up.  The  withdrawal  of 
a  quantity  of  the  gas  in  the  coil  D  tends  to  decrease  the 
pressure  in  that  coil;  however,  a  quantity  of  the  liquid 
passes  from  -^  to  ^  through  the  expansion-valve  -£,  vapor- 
izes, and  supplies  an  amount  of  gas  equal  to  that  withdrawn 
by  the  pump.  

THB  CYCLB  OP    THB   AMMONIA  COMPRB88ION  MACHINB. 

1369.     In   Fig.   325  let  the  length    O  F,  represent  to 
scale  the  volume  of  the  compressor  cylinder  Py  Fig.  324, 


FIO.  825. 

and  let  the  ordinate  O  P^  (=  V^A)  represent  the  pressure 
of  the  ammonia  gas  in  the  coil  B,  Then  we  may  say  that 
the  point  A  represents  the  state  of  the  gas  in  the  cylinder 
when  the  piston  is  at  the  lower  end  of  the  cylinder.  As 
the  piston  rises,  the  gas  is  compressed  until  it  reaches 
the  state  represented  by  the  point  B\  that  is,  the  pressure 
is   represented   by    O  P^   and    the   volume   by   O  F,.     The 
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character  of  the  compression  depends  upon  the  method 
of  cooling  the  compression  cylinder,  to  be  explained  later. 
We  will  assume  for  the  present  that  the  compression  is 
adiabatic.  If  the  vapor  is  dry  and  saturated  at  the  stated, 
it  will  be  superheated  at  the  state  B^  after  the  adiabatic 
compression.  When  the  pressure  in  the  cylinder  reaches 
P„  the  valve  opens  and  the  compressed  vapor  is  delivered 
to  the  coil  A  Sit  a,  practically  constant  pressure.  During 
this  operation  the  temperature  of  the  superheated  vapor 
is  reduced,  and  then  the  vapor  is  wholly  or  partially  con- 
densed to  a  liquid.  The  yolume  is  reduced  from  O  F,  to 
O  F,.  The  ammonia  liquid  now  runs  slowly  through  the 
valve  £  into  the  coil  B.  Since  the  pressure  in  the  coil  B 
is  much  lower  than  that  in  A^  there  will  be  a  drop  in 
pressure  in  passing  the  valve,  and  this  will  be  accom- 
panied by  a  drop  in  temperature.  The  slight  increase  in 
volume  from  F,  to  V^  is  due  to  the  fact  that  a  small  quan- 
tity of  the  liquid,  is  vaporized  before  the  pressure  has 
dropped  to  P^.  The  liquid  ammonia  in  the  state  repre- 
sented by  the  point  D  now  vaporizes,  and  the  volume 
increases  from  O  V^  to  O  V^,  The  gas  returns  to  its 
original  state  represented  by  A^  and  the  cycle  is  closed. 

The  cycle  just  described  differs  from  the  ideal  cycle 
described  in  Art.  1335  in  having  the  line  CD,  represent- 
ing the  third  operation,  nearly  straight  instead  of  curved,  as 
in  Fig.  317.  To  attain  the  ideal  conditions  shown  in 
Fig.  317,  it  would  be  necessary  to  allow  the  liquid  from  the 
condenser  A  to  expand  and  do  work  in  an  expansion  cylin- 
der instead  of  passing  through  the  regulating  valve  E. 
For  constructive  reasons,  the  valve  is  preferred,  as  the 
cylinder  would  be  small,  and  the  work  recovered  by  the 
expansion  would  in  any  case  be  insignificant. 


GBNBRAL  THBORY. 

1370.  Heat  Transfers. — Let  T^  denote  the  abso- 
lute temperature  of  the  gas  in  the  state  A,  Fig.  325,  which 
is  practically  the  temperature  of  the  coil  -5,  and  let   Tf, 
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denote  the  temperature  of  the  gas  at  the  end  of  compres- 
sion. Since  the  gas  is  superheated  during  the  compression, 
the  final  temperature  T^,  is  given  by  formula  121: 


or 


Let  Tc  denote  the  final  temperature  that  the  gas  or  vapor 
attains  in  the  condenser ;  that  is,  7),  is  the  temperature  of 
condensation.  Let  r,  denote  the  latent  heat  of  vaporiza- 
tion at  the  temperature  T^.  The  specific  heat  of  ammonia 
gas  being  .508,  the  heat  given  up  by  a  pound  of  the  gas  in 
cooling  from  T^  to  T,  is  .508  {T^-T,)  B.  T.  U.  In  con- 
densing, a  pound  of  the  gas  gives  up  further  r,  B.  T.  U.  If 
M  denote  the  weight  in  pounds  of  gas  used  per  stroke,  then 
the  heat  given  up  to  the  condenser  per  stroke  is  evidently 


(2.  =  ^[.608 (t; -  t;)  +  r,] b.  t.  u. 

=  Ml  508  (4  -  Q  +  r.]  B.  T.  U. 


}      («) 


If  t^  and  tf  denote,  respectively,  the  temperature  of  the 
cooling  water  as  it  enters  and  as  it  leaves  the  condenser, 
then  the  weight  of  cooling  water  required  per  stroke  is 

^^J/[.508(/,-O  +  r.]      ^^^ 

For  the  sake  of  simplicity,  we  will  assume  that  the  pres- 
sure of  the  liquid  ammonia  drops  from  P^  to  P,  before 
vaporization  begins ;  while  this  is  not  precisely  the  case,  the 
difference  in  the  result  is  not  appreciable.  During  the  fall 
of  temperature  from  T^  to  7"^,  the  original  temperature  of 
the  gas  in  the  coil  B^  a  pound  of  the  liquid  gives  up 
s  ( 7*^—  7*a)  heat-units,  where  s  denotes  the  specific  heat  of 
liquid  ammonia.  During  the  vaporization  in  the  coil  B, 
each  pound  absorbs  r,  B.  T.  U.,  where  r,  denotes  the  latent 
heat  of  vaporization  corresponding  to  the  pressure  P^  and 
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temperature  T^.     The  net  heat  abstracted  from  the  refrig- 
erator per  stroke  is  therefore 

i2,  =  J/[r.-.(7'.-7'„)]B.T.U.)      . 
=  i/[r.-j(4-0]B.T.  U.     5 

Since  the  specific  heat  of  liquid  ammonia  is  practically  1, 
we  may  write  the  equation: 

j2.  =  l/[r.-(7-„-r<.)]B.T.U.^ 
=  iJ/[r,-(/.-/„)]B.T.U.     ) 
The  work  of  the  compressor  per  stroke  in  foot-pounds  is 
W=  J{Q,-Q,)=JM[r,-r,^  .608  {t,  -  /.)  +  /,  -  /„]. 

If  n  denote  the  "number  of  strokes  per  minute,  the  theoret- 
ical horsepower  of  the  compressor  is 

rr _  nJM\r^  -  r,  +  .508  (/,  -  Q  -f  /,  -  /„] 
"~  33,000  •     ^' 

1371.  Efficiency. — The  theoretical  efficiency  of  the 
refrigerating-machine  is 

p-JQ.- r,-{T,-  T„) . 

^-  PT -r,-r,  +  .508(r»-7;)-fr.-r„-   ^^^ 

If  we  denote  by  Tt  the  temperature  of  the  cold  room  or 
of  the  brine,  if  the  latter  be  used,  then  the  effective  range 
of  temperature  is  7)-  — 7^,  where  7}.,  as  before,  denotes  the 
absolute  temperature  of  the  cooling  water  as  it  leaves  the 
condenser.  In  practice  Tf  is  always  a  little  higher  (5°  to  10°) 
than  the  temperature  T^  of  the  ammonia  in  the  refrigerating 
coils,  and  the  temperature  T^  of  the  ammonia  in  the  con- 
denser coils  is  always  higher  than  7}.  The  theoretical 
maximum  efficiency  for  this  temperature  range  is 

Em-=  r  ^'t'     (^)  (See  Art.  1346.) 

The  economy  of  a  machine  may  be  judged  by  comparing 
the  actual  efficiency  with  this  ideal  efficiency  E^, 

1372.  Volume   of  Compressor   Cylinder. — Let  v 

denote  the  volume  of  a  pound  of  ammonia  vapor  at   the 
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pressure/,  in  the  coil  B\  then,  since  J/ pounds  of  vapor  are 
used  per  stroke,  the  cubic  capacity  of  the  cylinder  must  be 

C  ^  Mv  cubic  feet.     (//) 

To  allow  for  clearance  and  imperfections  in  the  operation, 
the  volume  as  thus  calculated  should  be  increased  10  per 
cent,  or  more. 

1373.  Capacity. — In  24  hours  the  heat  abstracted 
from  the  cold  body  is 

(24  X  GO  X  «  X  (2.)  B.  T.  U.  = 
24  X  60  Y.nM\r^  -  (^c  -  O]  B.  T.  U. 
Hence,  the  ice-melting  capacity  in  tons  per  24  hours  is 

^_  24  X  60  X  nM\r^  -  (/,  -  O  ]  _ 

285,300 
.00505«  A/[r.  -  (/,  -  /„)  ].  (123.) 

1374.  Problem. — As  an  application  of  the  theory 
developed  in  the  preceding  paragraphs,  the  dimensions  of 
an  ammonia  refrigerating-machine  will  be  worked  out  from 
the  following  data: 

Ice-melting  capacity 20  tons  in  24  hours; 

Temperature  in  condenser 90*^  F. ; 

Temperature  in  refrigerating  coil.  .  15°  F. ; 
Initial  and  final  temperatures  of  condensing  water,  60°  and 
SS''  F. 

The  compressor  is  double-acting  and  makes  56  revolutions 
per  minute.  Required,  also,  the  horsepower  of  the  com- 
pressor, the  theoretical  efficiency,  and  the  quantity  of  cool- 
ing water  used  per  minute. 

Referring  to  the  table  of  the  properties  of  ammonia,  the 
pressures  corresponding  to  the  temperatures  15°  and  90°  F. 
are,  respectively,  /,  =  42.93  pounds  and  /,  =  182.8  pounds, 
absolute,  per  square  inch.  The  latent  heats  are,  respectively, 
r,  =  546.26  B.  T.  U.  and  r,  =  498.11  B.  T.  U.     The  absolute 
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temperature  T^  is  400°  +  15°  =  475°;  the  absolute  tempera- 
ture 7*5  of  the  superheated  gas  at  the  end  of  compression  is 

hence,  U  =  663.62°  -  460°  =  203.62°. 

The  capacity  being  20  tons,  we  have 

20  =  .00505 ;/  J/[r,  -  (/„  -  /„)  ], 
20 


.00505  «Lr,  —  {i^  —  ^„;j 

=  .075 


.00505  X  112  X  [546.26  -  (90  -  15)] 

The  quantity  of  ammonia  used  per  stroke  is  .075  pound, 
and  the  quantity  circulated  per  minute  is. 075  lb.  X  112  = 
8.4  pounds. 

The  volume  of  1  pound  of  ammonia  vapor  at  a  tempera- 
ture of  15°  is,  according  to  the  table,  6.49  cubic  feet;  hence, 
the  theoretical  capacity  of  the  cylinder  is 

C=  Mv  =  .075  X  6.49CU.  ft.  =  .48675  cu.  ft.  =  841.2  cu.  in. 

Adding  ^  to  allow  for  imperfections  in  the  operation,  the 
actual  volume  is  841. 2  cu.  in.  x  1^  =  946. 5  cu.  in.  If  the  stroke 
is  made  double  the  piston  diameter,  this  volume  will  require 
a  diameter  of  8^^  inches  and  a  stroke  of  17  inches. 

The  horsepower  required  to  drive  the  compressor  is, 
approximately, 

rr^nJM\r,  -  r,  +  .508  (/,  -  Q  -f  /,  -  Q  ^ 
33,000 

112  X  778  X  .075  x  [498.11  -  546.26  +  .508  (203.62  -  90)  +  90  -  15]  __ 

16.7,  nearly. 

The  horsepower  of  the  steam  cylinder  should  be  at  least 
^  greater  than  that  of  the  compressor ;  in  the  present  case 
it  will  be  about  16.7  H.  P.  X  |  =  22.93,  say  23  H.  P. 
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The  heat  given  up  by  the  ammonia  to  the  cooling  water 
per  stroke  is 

(2,=^/[.508(/,-O  +  r.]B.T.U.= 

.075  [.508  (203.62  -  90)  +  498.11]  B.  T.  U.  =  41.687  B.  T.  U. 

The  cooling  water  required  per  minute  is  therefore 

^        «<2,        112X41.687      ,^^,,  , 

^  =  ?;zr7;  =     85  ^6o    =  ^^^  ^^-  "^^^^^^ 

187  pounds  is  equivalent  to  3  cubic  feet,  or  about  22 J  gallons. 

The  theoretical  efficiency  is 

P^ r,  -  (/.  -  /g) ^471.26^ 

r,  -  r, +  . 508  (/^ -/,)  +  /,-/«      84.569      ^•^^• 

If  we  assume  the  temperature  of  the  brine  or  of  the  cold 
room  to  be  5°  higher  than  that  of  the  ammonia  in  the  con- 
denser, T;  =  r«  +  5°  =  460°  +  15°  +  5°  =  480°.  The  effect- 
ive temperature  range  is  therefore  7)  —  7i  =  85°  +  460° 
—  480°  =  65°,  and  the  maximum  efficiency  is 

^■  =  7>§T.  =  t  =  "«- 

1375.  Influence  of  Suction  Pressure. — The  ^2/^r- 
tion  pressure,  that  is,  the  pressure  of  the  ammonia  vapor  as  it 
passes  from  the  refrigerating  coil  to  the  compressor  cylinder, 
exerts  a  marked  influence  upon  the  capacity  and  also  upon 
the  economy  of  the  refrigerating-machine.  Consider  the 
formula  for  capacity,  F  =  .00505  nM  [r^—  {t^  —  /„)]•  Since 
the  n  remains  constant,  it  is  evident  that  the  capacity 
depends  upon  the  factors  J/ and  [r,  —  (/^  —  4)]-  Referring 
to  the  table  of  properties  of  ammonia,  it  is  seen  that  as  the 
suction  pressure/,  is  increased,  the  corresponding  latent 
heat  r,  becomes  less  and  the  corresponding  temperature  /^ 
rises;  consequently  the  factor  [^,  —  (^o -- O]  changes  but 
little  with  different  suction  pressures,  and  t/ie  capacity  is 
practically  proportional  to  the  weight  of  ammonia  circulated^ 
that  is,  to  M,  Now,  since  the  same  volume  of  ammonia  vapor 
passes  through  the  compressor  in  a  given  time,  whatever 
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the  pressure  may  be,  it  is  evident  that  the  iveight  of 
ammonia  circulated  is  exactly  proportional  to  the  weight  of 
the  vapor  per  cubic  foot.  Thus,  referring  to  the  table,  a 
cubic  foot  of  vapor  at  a  pressure  of  20.99  pounds  per 
square  inch  absolute  weighs  .0779  pound,  while  at  a  pres- 
sure of  42.93  pounds  absolute  a  cubic  foot  weighs  .154 
pound,  or  practically  twice  as  much.  With  the  greater 
suction  pressure,  therefore,  the  machine  will  circulate  double 
the  ammonia  that  it  will  with  the  lower  suction  pressure, 
and  consequently  the  capacity  at  the  higher  pressure  will 
be  nearly  double  that  at  the  lower  pressure. 

The  power  required  to  operate  the  compressor  is  of  course 
greater  with  the  higher  suction  pressure  and  greater  capac- 
ity, but  the  increase  in  power  is  not  proportional  to  the 
increase  in  capacity.  It  can  readily  be  shown  that  the 
ratio  of  the  power  consumed  to  the  capacity  decreases  as 
the  suction  pressure  is  raised.  The  power  is  proportional 
to  (2,—  (2,  (see  Art.  1370),  and   the  capacity  is  propor- 

tional  to  Q^  (see  Art.  1 373) ;  hence  the  ratio  -^  is  propor- 
tional to  — '-j^ — ^.     Now,  taking  the  expressions  for  Q^  and 

(?„  (2,  =  M  [.508  (/,  -  /,)  +  r,]  and  Q^  =  M  [r,  -  (/,  -  /„)], 
it  is  seen  that  the  only  effect  on  Q^  of  raising  the  suction 
pressure  is  to  lower  the  temperature  /^at  the  end  of  compres- 
sion. The  effect  on  Q^  is  to  decrease  r,  and  increase  t^\  but 
since  /„  increases  faster  than  r,  decreases,  the  net  effect  of 
raising  the  suction  pressure  is  to  increase  Q^,     Since  Q^  is 

decreased  and  Q^  is  increased,  the  fraction     '  ^ — ^,  and  con- 

sequently  the  ratio  ■^,  is   decreased  by  raising  the  suction 

pressure.  We  have,  therefore,  the  important  fact  that  in- 
creasing the  suction  pressure  increases  both  the  capacity  and 
economy  of  the  juachine. 

Fig.  326  is  the  indicator-diagram  taken  from  an  ammonia 
cylinder  of  a  compressor  running  under  151  pounds  head 
pressure  and  28  pounds  suction  pressure.     The  tonnage  in 
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this  case  is  74.8,  while  the  ammonia  cylinder  horsepower  is 
but  65.7  or  .88  of  a  horsepower  per  ton  of  work   done. 

Fig.  327  shows  a  diagram 
taken  from  the  same 
compressor  under  the 
following  conditions: 
Head    pressure    135 

— — • pounds,    back   pressure 

^'°'  **•  2pounds,  ammonia 

cylinder  horsepower  46.02;  tonnage  25.9  or  1.8  horsepower 
per  ton  of  refrigerating  effect.  From  this  it  will  be  seen 
that  while  the  capacity 
is  about  a  third,  the 
expenditure  of  power 
per  ton  of  refrigerating 
effect  is  approximately 
double.  These  dia- 
grams and  the  data  ^'°-  *^- 
connected  with  them  are  taken  from  Prof.  J.  E.  Denton's 
report  of  a  test  of  a  refrigerating  plant.  (Transactions 
A.  S.  M.  E.,  Vol.  XII.) 

The  upper  limit  of  suction  pressure  is  fixed  by  the  tem- 
perature at  which  it  is  required  to  keep  the  cold  room  or  the 
circulating  brine.  Suppose,  for  example,  that  the  average 
temperature  of  the  brine  is  33°  F. ;  the  temperature  in  the 
refrigerating  coils  must  be,  say,  10°  lower,  or  23°  F.,  and  the 
pressure  corresponding  is  51.25  pounds  per  square  inch 
absolute,  or  36.55  pounds  gauge. 

1376.     Influence  of  Condensing:  Pressure. — The 

pressure  in  the  condenser  does  not  affect  the  weight  of 
ammonia  circulated,  and  has  therefore  no  influence  on  the 
capacity  of  the  refrigerating-machine.  The  lower  the  tem- 
perature of  the  ammonia  in  the  condenser  can  be  kept,  the 
lower  will  be  the  pressure,  and  consequently  the  less  will  be 
the  work  of  compression.  It  is  advantageous,  therefore,  to 
have  the  initial  temperature  of  the  condensing  water  as  low 
as  possible  and  to  use  as  much  water  as  is  consistent  with 
economy.    Prof.  Denton,  in  the  report  previously  mentioned. 
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states  that  **  maximum  economy  with  a  given  type  of  engine, 
where  water  must  be  bought  at  average  city  prices,  is 
obtained  at  28  pounds  suction  pressure  and  150  pounds  con- 
densing pressure. "  This  condensing  pressure  requires  about 
a  gallon  of  water  per  minute  per  ton  of  ice-melting  capacity, 
taking  the  initial  temperature  of  the  water  at  56°  F.  If  the 
supply  of  water  is  25  per  cent,  less,  the  condensing  pressure 
rises  to  190  pounds  and  the  work  of  compression  is  increased 
about  20  per  cent.  On  the  other  hand,  if  the  water-supply 
is  increased  to  three  gallons  per  minute  per  ton  capacity, 
the  condensing  pressure  will  fall  to  about  105  pounds.  The 
work  of  compression  is  reduced  about  25  per  cent.,  but  the 
saving  in  power  thus  effected  is  more  than  counterbalanced 
by  the  cost  of  the  extra  water  used  to  lower  the  pressure. 


THB  C0MPRB880R  OR  PUMP. 

1377,  The  vital  part  of  a  compression  refrigerating- 
machine  is  the  compressor  or  pump ;  upon  the  design  and 
construction  of  this  part  chiefly  rests  the  commercial  advan- 
tage or  disadvantage  of  any  particular  make  of  machine. 

1378*  Pump  Cylinder. — Compressor  cylinders  are 
usually  made  of  a  fine,  close-grained  charcoal  iron  or  semi- 
steel.  It  is  necessary  to  have  a  cylinder  heavy  enough  to 
withstand  a  test  pressure  of  at  least  350  pounds  per  square 
inch.  Heads  and  bolts  should  be  made  in  proportion.  The 
joint  between  the  cylinder  and  head  is  usually  of  a  tongue 
and  groove,  male  and  female  type,  lead  being  used  as  a 
packing  material  in  the  groove.  Other  makers  use  a  smooth 
face  on  the  flanges  of  the  head  and  cylinder  and  a  very  thin 
lead  or  other  metallic  packing.  In  this  case,  the  flange 
should  be  scored  with  three  or  four  concentric  grooves 
between  the  bore  of  cylinder  and  bolt-holes,  to  hold  the 
gasket  in  place  and  prevent  it  from  blowing  out.  The  bore 
or  inside  walls  of  the  cylinder  should  be  smooth,  and  suffi- 
cient oil  must  be  used  in  running  the  machine  to  prevent 
groaning  and  consequent  wear. 
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Some  makers  line  the  cylinder  with  a  wrought-iron  or 
steel  bushing,  but  the  majority  use  cast  iron.  There  is 
more  friction  with  the  former  metals,  while  with  care  and  a 
proper  mixture,  a  cast-iron  cylinder  that  will  hold  ammonia 
can  be  made. 

The  stroke  should  in  all  cases  be  as  long  as  possible,'  so  as 
to  get  a  comparative  fast  piston  speed  with  the  least  number 
of  revolutions.  Another  reason  for  making  the  stroke  long 
is  that  the  clearance  spaces  are  smaller  with  a  long  stroke 
and  small  bore  than  a  shorter  stroke  and  longer  bore.  A 
well-proportioned  compressor  should  have  a  stroke  of  at  least 
double  the  diameter  of  the  bore,  and  two  and  one-half  times 
is  better  practice.  The  following  cylinder  capacities  will  be 
found  convenient  for  ready  reference :  With  a  suction  or 
back  pressure  of  25  pounds,  a  single-acting  compressor 
should  displace  3^  cubic  feet  per  ton  and  a  double-acting 
compressor  4  cubic  feet  per  ton.  With  15  pounds  back 
pressure,  these  figures  should  be  5  cubic  feet  for  the  former 
and  5^  cubic  feet  for  the  latter  type  of  machine.  These 
figures  are  for  well-built  compressors  having  comparatively 
small  clearances,  and  are  based  upon  actual  tests  of  refrig- 
erating-machines. 

1379.  Compressor  Piston.  —  The  pistons  of  all 
double-acting  compressors  are  necessarily  solid.  Those  of 
the  single-acting  type  are  often  made  solid,  while  others  are 
fitted  with  suction-valves.  Cast-iron  spring  rings  are  used 
for  packing-rings  to  prevent  leakage ;  at  least  4  or  5  rings 
should  be  employed.  Sectional  rings  and  others  similar  to 
those  used  in  high-class  engines  and  air-compressors  are 
found  in  ammonia  pumps. 

1380.  Heat  of  Compression. — It  was  stated  in  Art. 
1369  that  if  ammonia  vapor  be  compressed  adiabatically, 
it  will  be  superheated,  and  the  work  done  on  the  vapor  by 
the  piston  will  be  stored  up  in  the  vapor'in  the  form  of  heat. 
This  heat  must  be  gotten  rid  of  during  the  period  of  com- 
pression, otherwise  it  must  be  absorbed  by  the  condensing 
water  before  the  vapor  condenses.     It  is  quite  evident  that 


Digitized  by  CjOOQIC 


788  PRINCIPLES  OF  REFRIGERATION. 

it  will  be  most  economical  to  remove  the  heat,  as  far  as  pos- 
sible, as  fast  as  it  is  generated,  and  keep  the  temperature  of 
the  cylinder  comparatively  low  throughout  the  compression. 
In  fact,  it  is  absolutely  necessary  to  employ  some  method 
of  keeping  the  cylinder  cool,  otherwise  the  excessive  heat 
developed  in  compression  would  soon  become  so  great  that 
the  gas  would  enter  the  cylinder  in  a  greatly  superheated 
state,  which  would  lessen  its  density.  This  decrease  in 
density  would  naturally  cause  a  corresponding  decrease  in 
the  weight  of  gas  pumped  in  a  given  time,  thus  affecting 
both  capacity  and  economy. 

A  number  of  expedients  have  been  tried  with  this  object 
in  view.  The  simplest  of  these  is  jacketing  the  cylinder 
with  water.  This  method  of  cooling  the  compression  cylin- 
der is  known  as  the  dry-compression  system.  The  gas 
enters  the  cylinder  in  perhaps  a  saturated  state,  though 
usually  somewhat  superheated;  the  instant  compression 
begins,  however,  the  vapor  is  immediately  superheated. 

In  the  second  method,  yvet  compression,  the  cylinder 
is  not  jacketed,  but  a  certain  amount  of  liquid  anhydrous 
ammonia  is  allowed  to  enter  the  cylinder  with  each  stroke 
of  the  compressor;  the  mixture  of  vapor  and  liquid  remains 
saturated  while  it  is  compressed,  the  heat  equivalent  of  the 
work  of  compression  is  taken  up  by  the  vaporization  of  a 
part  of  the  liquid,  and  the  vapor  remains  at  the  tempera- 
ture due  to  the  pressure. 

The  third  method  employed  is  a  modification  of  wet  com- 
pression. Instead  of  permitting  anhydrous  ammonia  to 
enter  the  cylinder,  a  certain  quantity  of  oil  is  injected  dur- 
ing the  stroke;  the  purpose  of  the  oil  is  to  cool  the  gas 
during  compression  and  seal  the  valves  so  as  to  cut  down 
the  clearance  space. 

1 381 .  Dry  Compression. — The  majority  of  compress- 
ors built  in  the  United  States  are  of  the  water-jacketed, 
dry-compression  type.  In  the  case  of  vertical  compressors, 
the  water-jackets  are  merely  small  tanks  enclosing  the  walls 
of  the  cylinder,  and  are  sufficiently  high  so  that  the  top  head 
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of  the  cylinder  is  also  immersed.  They  are  open  at  the  top 
and  the  water  passes  off  by  gravity.  Horizontal  compress- 
ors are  usually  water-jacketed  on  the  cylinder  walls  only, 
the  heads  being  unjacketed.  With  the  inlet  water  at  60°  F., 
the  quantity  of  water  required  for  a  water-jacket  is  about 
^  of  a  gallon  per  minute  per  ton  of  refrigerating  effect. 

1382.  Wet  Compression. — The  injection  of  a  small 
quantity  of  anhydrous  ammonia  to  cool  by  its  evapora- 
tion the  walls  of  the  cylinder  was  the  invention  of  Prof. 
C.  P.  G.  Linde,  of  Munich,  Germany.  The  machines  built 
under  this  system  bear  his  name  and  are  of  the  horizontal, 
double-acting  type.  The  temperature  of  the  gas  leaving  the 
compressor  in  case  of  the  Linde  machine  is  much  lower  than 
that  in  the  dry-compression  system,  and  the  theotetical 
economy  is  somewhat  higher  than  that  of  the  latter  system. 
An  objection  sometimes  urged  against  wet  compression  is 
the  necessity  of  introducing  a  small  quantity  of  liquid 
ammonia,  which  if  increased  in  any  degree  by  carelessness 
is  liable  to  act  somewhat  like  water  carried  over  in  the  steam 
of  a  steam  engine,  and  may  blow  out  the  cylinder-head. 
The  chances  of  such  an  occurrence  are  so  small  that  the 
objection  does  not  appear  to  be  a  serious  one. 

1383.  Oil  Injection.— The  third  method  of  cooling 
the  cylinder  during  compression  is  that  of  the  De  La  Vergne 
Company.  In  the  earlier  machines  a  small  quantity  of  oil  was 
admitted  into  the  compression  cylinder  during  suction  and 
was  expelled  at  compression.  The  mixture  of  oil  and  gas  at 
a  somewhat  high  temperature  passed  to  the  oil  separator, 
where  the  oil  was  separated  from  the  ammonia  gas.  The 
gas  passed  on  to  the  condenser  in  its  regular  cycle;  the  oil 
was  taken  from  the  separator,  passed  through  a  cooling  coil 
immersed  in  running  water,  and  was  then  allowed  to  run 
into  a  receiver,  from  which  it  again  passed  into  the  suction- 
pipe. 

It  will  be  seen  from  this  description  that  as  a  certain  quan- 
tity of  oil  was  allowed  to  enter  with  the  gas,  the  volume  of 
the  gas  entering  the  cylinder  at  each  stroke  was  decreased 
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in  proportion  to  the  amount  of  oil  injected ;  in  case  a  con- 
siderable quantity  of  oil  was  fed  in,  this  would  cut  down  the 
capacity  appreciably.  In  order  to  obviate  this  difficulty,  the 
De  La  Vergne  Company  in  their  new  compressors  inject  oil 
by  means  of  a  small  pump  after  the  work  of  compression  has 
set  in,  and  not  during  suction  as  formerly.  This  also  per- 
mits the  oil  to  be  kept  fully  charged  with  ammonia. 

1 384.     Single  and  Double  Acting  Compressors. — 

The  single-acting  ammonia  compressor  is  usually  of  the 
vertical  type  and  compresses  gas  on  one  side  of  the  piston 
only,  viz.,  the  upper  side,  or,  in  other  words,  the  side  far- 
thest away  from  the  stuffing-box.  The  gas  has  at  all  times 
access  to  the  space  in  the  cylinder  below  the  piston;  here 
only  the  suction  pressure  acts  constantly  on  the  under  side 
of  the  piston.  In  this  form  of  compressor,  the  pressure  on 
the  stuffing-box  side  is  always  low,  and  it  is  therefore  easy 
to  keep  the  piston  rod  packed.  As  the  work  of  compression 
is  done  on  one  side  of  the  piston  only,  the  water-jacket  has 
a  greater  opportunity  of  reducing  the  temperature  of  the 
cylinder  walls.  The  colder  the  compressor  cylinder  is  kept, 
the  greater  will  be  the  weight  of  gas  pumped  per  revolu- 
tion, as  explained  in  previous  paragraphs.  It  will  therefore 
be  readily  seen  that  the  loss  due  to  superheating  is  less  in 
this  form  of  compressor  than  in  the  double-acting  type. 
Experiment  and  test  have  proven  this  to  be  the  case,  the  loss 
due  to  superheating  in  single-acting  compressors  being  from 
15  to  22  per  cent. 

The  double-acting  compressor  is  usually  of  the  horizontal 
type  and  has  suction  and  delivery  valves  on  both  sides  of 
the  piston.  Such  a  compressor  is  cheaper  to  build  than  the 
single-acting  one,  and  with  the  same  cylinder  capacity  will 
deliver  double  the  quantity  of  ammonia.  The  loss  due  to  cyl- 
inder superheating,  however,  is  greater  than  in  the  single- 
acting  type,  this  loss  amounting  to  25  or  30  per  cent. 

The  clearance  spaces  in  a  single-acting  are  usually  much 
smaller  than  those  of  the  double-acting  compressor.  In  the 
former  type  it  is  merely  necessary  to  adjust  the  piston  so 
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that  it  just  clears  the  upper  head  of  the  compressor;  this 
can  be  done,  no  matter  what  the  stroke  of  the  pump  may  be. 
In  the  case  of  the  double-acting  machine,  however,  the 
adjustment  is  a  much  more  difficult  task,  for  if  the  clear- 
ance is  cut  down  on  one  side  of  the  piston,  it  will  increase 
by  a  like  amount  on  the  other  side.  It  is  therefore  neces- 
sary to  be  very  careful,  in  the  selection  of  gaskets,  etc.,  to 
get  them  of  the  proper  thickness  so  that  the  clearance  spaces 
will  be  reduced  to  the  minimum  on  both  sides  of  the  piston. 

1385«     Vertical  and  Horizontal  Compressors. — 

In  all  types  of  compressors  except  those  using  oil  injection, 
as  little  oil  is  fed  into  the  compression  cylinder  as  possible. 
This  small  quantity  of  oil,  which  is  much  less  than  that 
used  in  the  case  of  steam  engines,  makes  it  necessary  to 
select  a  compressor  in  which  the  wear  on  the  moving  parts 
is  equal  all  around.  In  case  of  a  vertical  compressor,  the 
weight  of  the  piston  does  not  come  on  the  walls  of  the  cylin- 
der, as  is  the  case  with  the  horizontal  machine.  The  valves 
are  also  usually  arranged  so  that  they  work 'up  and  down, 
and  will  therefore  not  wear  their  stems  in  such  a  way  as  to 
get  them  out  of  line  with  their  seats.  The  vertical  machine, 
however,  is  more  expensive  to  build  than  the  ordinary  hori- 
zontal compressor,  the  bed-plate  of  which  has  the  form  of 
that  of  an  ordinary  horizontal  engine.  A  still  cheaper  con- 
struction is  that  of  the  direct-acting  horizontal  machine,  in 
which  the  compressor  is  attached  tandem  with  the  engine 
cylinder  on  an  extension  of  the  steam-engine  bed-plate. 
The  advantages  of  horizontal  compressors  are  that  they 
can  be  placed  in  low  headroom  and  that  all  parts  are  acces- 
sible from  the  floor.  A  direct-acting  machine  is  one  in 
which  the  compressor  and  steam  cylinders  are  in  line,  and 
the  compressor  piston  and  steam  piston  are  attached  to  the 
same  piston  rod.  In  the  indirect  machine,  the  steam  and 
compressor  cylinders  have  separate  piston  rods  and  connect- 
ing-rods; the  compressor  is  driven  from  a  main  shaft,  which 
is  in  turn  driven  by  the  steam  engine  in  the  ordinary 
manner. 
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1 386.  Clearance  Spaces. — When  a  pump  piston  is  at 
the  end  of  its  stroke,  the  space  that  is  left  between  the  pis- 
ton, cylinder-head,  and  valves  is  known  as  the  clearance 
space.  If  this  space  is  reduced  to  nothing,  that  is,  if  the 
valves  are  so  ground  that  they  come  flush  with  the  head,  and 
the  piston  is  allowed  to  come  up  until  it  just  touches  the 
head,  all  gas  between  the  piston  and  head  will  be  expelled 
through  the  delivery  valve.  Such  a  construction  is  hardly 
practical.  It  w'ill  be  seen,  however,  that  it  is  necessary  to 
make  this  space  as  small  as  possible,  since  the  gas  that  is 
left  in  the  cylinder  will  expand  as  the  piston  travels  back 
and  will  keep  a  corresponding  quantity  of  gas  from  entering 
the  cylinder. 

Well-made  compressors  are  run  with  a  clearance  of  ^  inch 
between  the  piston  and  cylinder-head.  In  order  to  deter- 
mine this  clearance,  one  of  the  valves  should  be  taken  out 
and  a  piece  of  fuse  wire  or  lead  laid  on  top  of  the  piston. 
The  machine  is  then  turned  by  hand  until  the  piston  has 
completed  its  stroke.  The  fuse  wire  or  lead  will  have  been 
flattened,  and  its  thickness  will  be  the  exact  distance  between 
the  cylinder-head  and  piston,  and  will  thus  indicate  the 
amount  of  clearance.  The  piston  rod  can  be  adjusted  if  the 
first  test  shows  an  unsatisfactory  clearance,  and  the  experi- 
ment may  be  repeated  until  the  clearance  space  is  cut  down 
to  a  minimum. 

1387.  Suction  and  Discbarge  Valves. — A  section 
through  a  compressor  cylinder  as  constructed  by  the  Frick 
Company  is  shown  in  Fig.  328.  The  suction-valve  is  shown 
at  D.  As  the  piston  moves  downwards,  the  valve  rises  from 
its  seat  e,  and  the  gas  from  the  refrigerating  coil,  which  has 
at  all  times  free  access  to  the  lower  end  of  the  cylinder  A, 
passes  through  the  open  valve  to  the  upper  end  of  the  cyl- 
inder. As  soon  as  the  piston  again  starts  upwards,  the 
valve  D  closes  and  compression  begins.  The  valve  is  fitted 
with  balanced  springs  /'and  G,  which  may  be  adjusted  so  as 
to  prevent  the  valve  from  rattling. 

Ice-machine  builders  have  for  a  long  time  been  striving 
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to  design  a  suction-valve  so  arranged  that  in  case  either  the 
valve-stem  or  valve  breaks,  the  pieces  will  not  fall  into  the 
cylinder  of  the  compressor.  Compressors  built  in  former 
years  were  greatly  troubled  with  imperfect  workmanship  on 
their  suction-valves.  Machines  were  occasionally  wrecked 
because  of  a  broken  valve.  The  fragments  dropped  into  the 
cylinder,  and  the  piston  on  the  next  stroke  drove  them 
against  the  head,  thus  causing  serious  damage. 

The  discharge-valve  is  an  ordinary  valve  with  a  spindle  h 
and  with  balanced  springs  J  and  K.  In  the  construction 
shown  in  Fig.  328,  the  whole  head  M  is  a  delivery-valve. 
Under  ordinary  circumstances,  the  gas  passes  through  the 
small  discharge-valve,  but  in  case  the  suction-valve  is  dis- 
placed by  any  accident,  the  head  M  will  rise  from  its  seat. 
This  action  prevents  damage  to  the  head. 

The  suction  and  delivery  valves  and  also  the  valve-seats 
are  made  of  steel.  The  valves  should  be  well  ground  to  their 
seats,  and  they  should  be  inspected  occasionally  to  ascertain 
if  either  valve  or  seat  is  cut  or  defective  in  any  way.  A 
spare  set  of  valves  should  always  be  carried  in  stock  to 
replace  any  that  may  be  found  defective. 

The  area  of  the  suction-valve  should  be  at  least  equal  to 
the  area  of  the  suction-pipe.  The  lift  of  the  valve  should  be 
at  least  \  of  the  diameter,  in  order  that  the  area  of  the  annu- 
lar opening  may  be  equal  to  the  area  of  the  valve. 

1388.  The  Stufflng-Box.— As  shown  in  Fig.  328,  the 
stuffing-box  5  is  made  very  long  in  order  that  a  large 
amount  of  packing  may  be  used.  The  stuffing-box  is  usually 
provided  with  a  thimble  or  oil-gland  Y  placed  about  midway 
between  the  two  ends.  A  certain  amount  of  packing  is  first 
inserted  in  the  stuffing-box,  and  then  the  oil-gland  is  set 
in  place.  A  second  packing  is  then  inserted,  and  this  is 
followed  by  a  second  oil-gland  X,  The  gland  U  is  then 
screwed  on.  The  oil-gland  is  filled  by  means  of  a  connect- 
ing line  from  the  oil  separator  or  a  hand  oil-pump  P,  There 
is  usually  a  by-pass  connection  R  from  the  hand-pump  to 
the  compressor  cylinder,  so  that  oil  may  be  fed  directly  into 
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the  cylinder  in  case  the  piston  packing-rings  start  to  groan- 
ing. Garlock  and  Crandal  packings  are  the  favorite  soft 
packings  used  on  ammonia  compressors;  metallic  packings 
with  soft  backing  are  also  used  with  considerable  success. 

The  piston-rod  packing  of  a  double-acting  compressor 
requires  greater  attention  than  that  of  a  single-acting  ma- 
chine. The  wet  system  is  particularly  hard  on  packing,  as 
there  are  few  soft  packings  that  will  stand  the  freezing  action 
of  the  liquid  anhydrous  ammonia  without  becoming  hard 
and  causing  leaky  stuffing-boxes.  All  piston  rods  should  be 
packed  carefully,  but  should  not  be  packed  at  all  if  they  are 
scored  or  in  any  way  imperfect,  as  any  imperfection  on 
the  rod  will  soon  cut  the  packing.  When  possible,  the  rod 
should  be  ground  perfectly  circular,  but  if  this  is  not  possi- 
ble, a  very  fine  finishing  cut  should  be  taken,  and  the  rod 
should  then  be  thoroughly  smoothed  off  with  a  fine  grade  of 
emery-cloth.  Too  much  care  can  not  be  taken  in  packing 
the  piston  rods  with  metallic  packing.  No  old  rods  should 
be  thus  packed  without  being  thoroughly  trued  beforehand. 
Rods  should  be  calipered  at  the  end  of  the  season,  and  any 
repairs  on  them  should  be  made  at  that  time.  Care  in  this 
respect  will  soon  pay  for  itself  in  the  ammonia  bill. 


THB    MOTOR. 

1389«  Speed  of  Compressor. — The  maximum  speed 
at  which  a  compressor  should  run,  even  in  the  case  of  very 
small  machines,  is  100  revolutions  per  minute.  If  the  com- 
pressor is  speeded  up  above  this  point,  the  valves  will  not 
act  quickly  enough,  and  while  the  capacity  is  but  slightly 
increased,  the  power  required  to  drive  the  machine  is 
directly  in  proportion  to  the  number  of  revolutions.  Com- 
pressors of  capacities  ranging  from  10  to  25  tons  should  not 
exceed  70  revolutions  per  minute,  while  those  of  larger 
sizes  and  greater  piston  speed  make  from  50  to  GO  revolu- 
tions per  minute. 

1390.  Steam  Engine. — Compressors  operated  by  a 
steam   engine   as    the    motive    power    are    usually   direct 
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connected  with  engines  about  as  follows:  Machines  of 
10  tons  capacity  or  under,  plain  slide-valve  engine;  10  to  25 
tons  inclusive,  adjustable  cut-off  engine  of  the  Meyer  type; 
30  tons  and  over,' Corliss  engine.  A  number  of  the  very 
large  machines  with  capacities  ranging  from  200  to  500  tons 
have  in  late  years  been  provided  with  compound  condensing 
engines.  From  this  it  will  be  seen  that  the  relative  effi- 
ciency of  a  small  compression  machine  is  much  lower  than 
that  of  the  larger  sizes.  Owing  to  the  low  piston  speed  of 
the  engine  and  consequent  great  amount  of  cylinder  con- 
densation, the  steam  consumption  of  the  various  classes  is 
about  as  follows:  Slide-valve  engines,  50  pounds  of  steam 
per  horsepower,  90  pounds  of  steam  per  hour  per  ton  of 
refrigerating  effect;  Meyer  cut-off,  40  pounds  of  steam, 
G5  pounds  of  steam  per  hour  per  ton  of  refrigerating  effect; 
Corliss  engine,  30  pounds  of  steam  per  horsepower,  50  pounds 
of  steam  per  hour  per  ton  of  refrigerating  effect. 

The  above  are  based  upon  a  condensing  pressure,  or  head 
pressure,  of  150  pounds  per  square  inch  and  a  suction  or 
back  pressure  of  15  pounds  per  square  inch,  both  gauge 
pressures. 

1391.  Gas  Engine.  —  Small  compressors  are  often 
driven  by  gas  or  gasoline  engines.  Owing  to  the  relatively 
high  speed  of  the  gas  engine,  it  is  necessary  to  belt  such 
engines  to  the  compressors.  In  case  of  gasoline  engines, 
the  economy  is  much  better  than  that  of  a  slide-valve 
engine,  the  cost  of  operating  amounting  to  about  1  cent  per 
horsepower  per  hour,  or  2  cents  per  hour  per  ton  of  refrig- 
erating effect.  This  is  equivalent  to  coal  at  12.50  per  ton, 
not  including  attendance.  For  each  ton  of  refrigerating 
effect,  2  to  2^  gas-engine  horsepower  should  be  allowed. 

1392.  Electric  Motor.  —  Compressors  driven  by 
means  of  an  electric  motor  are  usually  geared,  rawhide 
pinions  being  used  to  decrease  the  noise.  The  motor  should 
be  of  ample  capacity  to  drive  the  compressor,  so  as  to  pre- 
vent the  armature  from  burning  out.  1 J  to  2  kilowatts  per 
ton  of  refrigerating  effect  is  the  usual  practice. 
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1393.  Water-Power. — Under  high  heads,  the  Pelton 
water-wheel  is  found  to  be  the  most  efficient  and  best 
adapted  water-wheel  for  driving  ammonia  compression 
machines.  It  is  usually  direct  connected  to  the  shaft,  and 
is  made  with  a  large  diameter  so  as  to  get  a  high  circum- 
ferential velocity  with  60  or  70  revolutions  per  minute. 
Under  heads  of  less  than  50  feet,  a  turbine  is  generally  used. 
In  most  cases,  it  must  be  connected  to  the  compressor  by  a 
belt  or  gearing  which  will  reduce  the  speed  to  the  proper 
number  of  revolutions. 

1 394.  Position  of  Cranks. — The  cranks  of  the  com- 
pressor and  direct-connected  steam  engine  are  set  at  90°  to 
each  other.  With  this  arrangement,  the  steam  engine 
encounters  its  greatest  resistance  when  the  piston  is  at  the 
middle  of  its  stroke.  If  the  cranks  connected  at  180°,  or 
directly  in  line,  the  engine  would  encounter  the  greatest 
resistance  when  the  piston  is  at  the  end  of  its  stroke,  and 
consequently  has  a  low  steam  pressure  to  urge  it  forwards. 
Such  a  construction,  though  much  cheaper,  brings  a  much 
greater  strain  upon  the  cranks,  shaft,  and  fly-wheels,  and 
makes  these  latter  parts  do  the  work  of  compression  with 
the  energy  stored  in  them.  The  fly-wheels  should  be  well 
balanced  and  heavy.  They  should  be  carried  on  a  shaft  of 
ample  size,  and  if  possible  out-board  bearings  should  be  pro- 
vided to  prevent  deflection. 


THB    AMMONIA  CONDBN8BR. 

1 395.  Atmosplieric  Condens»ers. — The  atmospheric 
condenser  consists  of  a  coil  made  up  of  straight  pipes  and 
return  bends.  The  hot  gas  enters  the  coil  at  the  top.  Water 
is  permitted  to  trickle  over  the  coil  in  a  thin  film  and  con- 
denses the  gas  within  it,  which  after  liquefying  runs  to  the 
bottom  of  the  coil  and  enters  a  receiver  placed  at  that 
point.  It  will  be  seen  that  the  hottest  gas  and  the  coldest 
water  come  in  contact  with  the  same  part  of  the  coil.  This 
has  a  tendency  to  increase  the  head  or  condensing  pres- 
sure, but  it  is  necessary  to  let  the  gas  in  at  the  top  in  order 
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that  the  liquefied  gas  will  run  to  the  bottom  of  the  coil  by- 
gravity. 

The  DeLaVergne  condenser  shown  in  Fig.  329  is  con- 
structed with  a  series  of  return  bends  B  having  pockets  P. 


Pig.  329. 

These  pockets  are  connected  to  a  header  H  at  the  bottom  of 
the  condenser  by  means  of  pipes  C,  C,  The  header  in  turn 
is  connected  by  a  pipe  D  with  the  receiver.  By  this 
arrangement,  the  hot  gas  is  enabled  to  enter  the  bottom  of 
the  coil  at  A  and  gradually  work  up  towards  the  top.  The 
liquid  anhydrous  ammonia  is  trapped  out  by  the  pockets  and 
does  not  run  back  to  mix  with  the  incoming  hot  gas. 
Atmospheric  condensers  are  usually  made  of  1^,  1^,  or 
2  inch  pipe,  the  latter  size  being  used  in  the  De  La  Vergne 
condenser.  The  coils  are  about  20  feet  long  and  18  to 
24  pipes  high ;  22  to  30  square  feet  of  surface  per  ton  is  the 
usual  allowance,  depending  upon  the  temperature  of  the 
condensing  water,  but  40  square  feet  will  give  more  satis- 
factory results.  The  principal  objection  to  atmospheric 
condensers  is  that  they  are  least  efficient  when  most  needed. 
In  hot  weather,  when  the  humidity  is  great,  their  action  is 
very  sluggish  and  the  efficiency  of  the  machine  is  diminished 
to  a  considerable  degree.  They  are,  however,  low  in  first 
cost,  easy  to  keep  clean,  and  easily  repaired. 

Atmospheric  condensers  require  from  3  to   4  gallons   of 
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water  per  minute  per  ton  of  refrigerating  effect  in  hot  sum- 
mer weather,  with  water  at  75°  to  80°. 

1 396.  Submerged  Condensers.  —  The  submerged 
condenser  consists  of  a  coil  or  coils  of  pipe  submerged  in  a 
tank  of  water.  The  incoming  gas  enters  at  the  top  of  the 
coil,  and  the  outlet  for  the  condensed  liquor  is  at  the  bot- 
tom of  the  coil,  the  number  of  coils  in  the  tank  depend- 
ing upon  the  size  of  pipe  used  and  the  capacity  of  machine. 
1,  Hy  and  H  inch  pipe  is  used  in  these  condensers,  and 
30  square  feet  of  surface  per  ton  is  allowed  in  usual  practice. 
The  tanks  should  be  deep  rather  than  wide,  so  that  the  cir- 
culating water,  which  enters  at  the  bottom  of  the  tank  and 
overflows  at  the  top,  will  have  an  opportunity  to  reach  a 
high  temperature  before  leaving  the  tank.  Condenser  coils 
of  IJ-inch  pipe  should  not  exceed  350  feet  in  length.  The 
inlets  and  outlets  to  all  coils  should  be  provided  with  valves 
or  cocks,  so  that  any  coil  may  be  turned  off  in  case  of  leak- 
age, without  necessitating  the  shutting  down  of  the  plant. 
The  outlets  of  the  various  coils  are  connected  to  a  receiver, 
usually  made  of  wrought  iron  with  heads  welded  in.  This 
receiver  should  have  a  capacity  of  about  one-half  gallon  per 
ton  of  refrigerating  effect,  and  should  be  provided  with  a 
pair  of  gauge-cocks  and  an  air- valve  for  drawing  off  air  or 
other  impure  gases.  The  water  economy  of  a  submerged 
condenser  varies  directly  with  the  temperature  of  the  water. 
With  condensing  water  at  60°,  1^  gallons  per  ton  is  good 
practice,  but  2  gallons  should  be  used  when  the  temperature 
is  as  high  as  75**. 

1397.  The  Surface  Condenser.  —  The  Hendrick 
surface  condenser  consists  of  a  heavy  cast-iron  shell  pro- 
vided with  water  coils  of  extra  heavy  pipe.  The  action  of 
this  condenser  is  exactly  the  reverse  of  that  of  the  sub- 
merged condenser.  The  water  circulates  through  the  coils ; 
the  gas  enters  the  shell  at  the  top,  condenses,  and  falls  to 
the  bottom.  The  lower  portion  of  the  condenser  forms  the 
receiver  of  the  anhydrous  liquid  and  is  provided  with  gauge- 
cocks  and  necessary  fittings.     On  account  of  the  large  gas 
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space  and  rapid  water  circulation,  this  condenser  is  very 
efficient;  it  gives  a  very  low  condensing  pressure  for  any 
given  water  temperature  and  is  also  economical  in  the  use 
of  water.  

GAUGB8,  VA.LVB8,  AND  OTHER  DETAILS. 

1 398.  Pressure  Gauges. — The  pressure  gauges  used 
for  ammonia  are  in  construction  similar  to  steam-pressure 
gauges  except  that  the  tube  is  made  of  steel  for  the  reason 
that  brass  will  not  withstand  the  action  of  ammonia.  The 
gauges  register  pressure  only,  or  pressure  and  vacuum  both, 
as  may  be  desired.  Cheap  diaphragm  gauges  are  made,  but 
they  are  not  accurate,  and  are  seldom  used  by  reputable 
builders. 

1 399.  Lriquid  Level  Gaus^^s.  —  The  anhydrous 
receiver  and  the  oil  trap  should  each  be  provided  with  a  pair 

of  liquid  level  gauges. 
These  are  of  heavy  cast 
iron  or  steel,  and  should  be 
so  arranged  that  they  can 
be  quickly  closed  in  case  of 
the  glass  breaking.  Fig. 
330  shows  a  section  of  the 
Hiller  automatic  safety 
gauge-cock,  which  is  de- 
signed to  shut  off  automat- 
ically in  case  of  the  glass 
breaking.  It  is  also  ar- 
ranged so  that  the  valve 
can  be  ground  without 
Pig.  830.  taking  the  pressure  off  the 

vessel.  The  valve  A  is  opened  by  a  fork  D  attached  to  the 
valve-stem  B,     The  stem  C  is  used  for  grinding  the  valve. 

1400.  Pipe. — All  pipe  used  in  ammonia  work  should 
be  extra  heavy,  even  for  the  low-pressure  lines.  Such  pipe 
should  be  strictly  of  wrought  iron,  steel  pipe  being  unsuit- 
able for  this  purpose.  In  case  any  bent-pipe  coils  are  used, 
they  should  be  made  of  lap-welded,  redrawn,  or  tuyere  pipe. 
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1 401 .  Fittings  and  Valves. — Fittings  used  on  ammo- 
nia work  are  made  of  cast  iron,  malleable  iron,  or  steel. 
They  are  protected  as  follows:  (1)  By  means  of  a  jam  or 
lock-nut  bearing  against  a  rubber  gasket  which  sets  in  a 
recess  turned  in  the  fitting;  in  case  of  a  leak,  a  slight  turn 
of  the  jam-nut  forces  the  gasket  well  into  the  counterbore 
and  thread  and  stops  the  leak.  (2)  By  means  of  a  gland  fitting 
similar  to  the  lock-nut,  save  that  a  gland  is  held  against  the 
gasket  by  means  of  bolts,  which  are  fast  to  the  flange  of  the 
fitting.  (3)  By  means  of  either  malleable  iron  or  semisteel 
fittings,  in  which  there  is  a  slight  recess  or  counterbore. 
After  the  pipe  is  made  up,  solder  is  run  into  the  counter- 
bore with  a  blowpipe,  and  a  perfectly  tight  joint  is  made. 
Such  joints  are  very  satisfactory,  except  in  lines  that  are 
subjected  to  both  excessive  heat  and  cold,  in  which  case  the 
solder  is  liable  to  crack. 

Unions  used  in  this  work  are  flange  unions  with  male  and 
female  joints,  with  lead  packing  in  the  groove. 

Valves  are  of  extra  heavy  pattern,  all  iron,  and  of  either 
gate,  globe,  or  angle  type.  The  seats  of  such  valves  are 
usually  soft  metal,  which  can  readily  be  repacked.  Hard- 
metal  valves  with  steel  seats  are  not  effective,  as  the  liquid 
anhydrous  ammonia  appears  to  cut  the  steel. 

Cocks  used  in  this  work  are  of  the  Fairbanks  asbestos- 
packed  pattern,  the  plug  being  packed  with  asbestos  pack- 
ing under  a  heavy  hydraulic  pressure.  Cocks  should  be 
returned  to  the  factory  for  repairs. 

1402.  Oil  Trap  and  Strainer. — Between  the  com- 
pressor and  condenser  an  oil  trap  is  placed  for  the  purpose 
of  eliminating  any  oil  that  might  pass  over  from  the  com- 
pressor cylinder  with  the  ammonia  gas.  As  shown  in 
Fig.  331,  it  consists  of  a  cylinder  having  an  inlet  D  for 
the  gas  on  the  side,  about  half  way  up  from  the  bottom, 
and  an  outlet  B  at  the  top.  The  lower  portion  of  the 
cylinder  acts  as  an  oil  receiver,  and  is  provided  with  a  pair 
of  gauge-cocks  and  a  glass  C  for  determining  the  quantity 
of  oil  in  the  receiver.    Some  builders  place  the  inlet  opening 
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at  the  top,  with  a  pipe  on  the  inside,  leading  the  gas  well 
down  into  the  receiver;  but  such  an  arrangement  is  not  as 

effective  for  eliminating  the 
oil  as  the  one  above  described, 
where  the  incoming  gas  im- 
pinges on  a  flat  surface.  The 
strainer  consists  of  a  large  pair 
of  flanges,  with  a  piece  of  very 
fine  perforated  iron  between 
them.  The  aggregate  area  of 
the  perforations  is  greater  than 
that  of  the  pipe.  The  strainer 
is  placed  in  the  suction  line 
and  is  intended  to  prevent  any 
scale,  dirt,  or  grit  from  enter- 
ing the  compressor  cylinder. 
It  should  be  cleaned  at  least 
once  a  season. 

1403.  Drier.— The  best 
equipped  compression  ma- 
chines are  provided  with 
driers.  A  drier  consists  of  a 
vertical  pipe  10  or  12  inches  in 
diameter  and  4  to  6  feet  long, 
provided  with  removable 
Pio.asi.  heads.     The  shell  is  partly 

filled  with  quicklime  or  caustic  soda  and  placed  in  the  suc- 
tion line  of  the  compressor.  The  ammonia  gas  passing  to 
the  compressor  must  traverse  the  drier  and  there  give  up 
any  moisture  that  it  may  contain. 

1404.  By-Pass.  —  It  is  often  necessary,  in  making 
repairs,  to  empty  the  condenser  into  the  expansion  coil. 
For  this  purpose,  the  compressor  is  provided  with  a  by-pass, 
which  permits  the  ammonia  to  be  taken  from  the  condenser 
and  delivered  to  the  expansion  coils,  where  it  is  stored  until 
after  the  repairs  are  completed.  A  by-pass  for  a  single- 
acting  machine  is  shown  in  Fig,  332.     When  the  condenser  is 
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to  be  pumped  out,  valves  A  and  B  are  closed  and  valves  X 
and  Fare  opened.  To  pump  out  the  pipe  A  Cy  valves  A^ 
Xy  and  Y  are  closed  and  valve  B  is  opened. 


Pig.  888. 

The  by-pass  on  the  Frick  duplex  compressor  is  shown  in 
Fig.  333.  The  angle-valves  D  and  D*  are  so  arranged  that 
when  one  of  them,  say  D ^  is  open  and  the  valve  C  is  shut, 
compressed  gas  will  pass  from  the  cylinder  B  through  the 
discharge-pipe;  when,  however,  H  is  closed  and  C  is  open, 
the  gas  will  flow  from  B  through  the  pipe  M,  The  valves 
5  and  5'  act  in  a  similar  manner.  The  valves  E  and  E' 
are  so  arranged  that  when  E  is  closed,  the  gas  will  flow 
through  the  pipe  M  from  C  to  the  valve  G^  but  when  E  is 
open,  the  gas  will  flow  through  the  pipe  K  to  the  suction- 
pipe  without  passing  to  the  valve  G, 

To  pump  out  the  compressor  j5,  the  valves  C\  (7,  and  D 
are  opened  and  the  valves  5,  5',  D\  C,  E^  E\  and  G'  are 
closed.  The  closing  of  the  valve  5  shuts  off  the  suction- 
pipe  from  the  cylinder  A^  and  the  gas  is  pumped  from  cyl- 
inder B  instead.  It  passes  through  the  open  valve  C\  the 
pipe  My  and  the  open  valve  Gy  and  is  expelled  after  com- 
pression into  the  discharge  through  the  open  valve  D. 

To  pump  out  the  condenser,  the  valves  Z>,  C,  G\  C\  and  E 
are  opened  and  all  others  are  closed.  The  valve  S'  being 
closed,  the  gas  can  not  be  drawn  from  the  suction-pipe.  As 
the  piston  in  B  makes  its  compression  stroke,  the  gas  will 
flow  from  the  condenser  through  the  discharge,  the  open 
valve  Cy  the  pipe  Ny  the  open  valve  G'y  and  thence  into  the 
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cylinder  B.     The  valve  U  being  closed,  the  compressed  gas 
will  flow  through  J/,  through  the  open  valve  -£,  and  through 


DtJicha9iffe. 


the  pipe  K  into  the  suction  line.  With  the  valves  thus 
arranged,  pump  B  takes  gas  from  the  condenser  and  dis- 
charges it  into  the  suction  line.  The  pump  A  does  no  work 
whatever  except  to  churn  the  gas  back  and  forth. 


CONSIDERATIONS    AFFECTING    THE    ECONOMY 

OF  THE  COMPRESSION  SYSTEM. 

1405.     Friction.  —  The   total  work  delivered  to  the 

refrigerating-machine,  including  the  steam  engine  or  other 

motor  that  drives  it,  is  the  work  done  by  the  steam  in  the 
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engine  cylinder.  The  net  or  useful  work  is  that  done  on 
the  gas  in  the  compressor  cylinder.  The  difference  between 
the  two  is  the  work  done  against  the  frictional  resistances  of 
the  engine  and  compressor.  To  determine  the  friction,  there- 
fore, it  is  only  necessary  to  determine  by  means  of  an  indi- 
cator the  indicated  horsepower  of  the  steam  cylinder  and 
that  of  the  compressor  cylinder;  the  difference  will  be  the 
power  absorbed  in  overcoming  friction. 

The  ratio  of  the  friction  horsepower  to  the  horsepower  of 
the  steam  cylinder  depends  in  some  degree  upon  the  type  of 
machine.  In  this  respect,  the  direct-acting  has  an  advantage 
over  the  indirect  machine ;  based  on  the  horsepower  of  the 
steam  cylinder,  the  friction  of  the  former  type  varies  from 
12  to  20  per  cent.,  while  that  of  the  latter  type  is  from  18  to 
30  per  cent.,  the  increase  being  due  to  the  increased  number 
of  bearings  and  wearing  surfaces.  In  general,  the  friction 
of  a  vertical  machine  is  less  than  that  of  a  horizontal 
machine. 

1406.  Clearance. — This  very  important  factor  in  the 
economy  of  the  compression  system  often  cuts  down  the 
capacity  and  economy  of  the  pump.  In  a  first-class  com- 
pressor, the  clearance  has  been  known  to  be  as  low  as  i\  of 
1  per  cent.  In  actual  practice,  however,  it  probably  amounts 
to  about  1  per  cent.  The  method  of  ascertaining  the  clear- 
ance space  between  the  cylinder-head  and  piston  has  already 
been  explained  in  Art.  1386.  That  in  the  recess  of  the 
suction  and  discharge  valves  may  be  calculated  as  follows: 

Rule. — Multiply  the  area  of  the  valve  in  inches  by  the 
distayice  between  the  face  of  the  valve  and  the  head  when  the 
valve  is  seated.  Divide  this  product  by  the  volume  of  the 
cylinder,  ayid  the  result  is  the  per  cent,  of  clearance  for  the 
valve.  Applying  this  rule  to  each  of  the  valves,  and  add- 
ing the  results  to  the  clearance  space  between  the  head 
and  piston,  the  sum  will  be  the  total  clearance  for  the  com- 
pressor. 

1407.  Cylinder  Superheating. — As  stated  in  Art. 
1380,  the  greater  the  difference  of  temperature  between 


Digitized  by  CjOOQIC 


806  PRINCIPLES  OF  REFRIGERATION. 

the  inlet  and  outlet  gas,  the  greater  the  amount  of  cylinder 
superheating;  therefore  the  warmer  the  condensing  water 
and  colder  the  brine,  the  more  the  vapor  is  superheated. 
For  single-acting  machines  the  loss  due  to  cylinder  super- 
heating amounts  to  about  22  per  cent,  and  for  double-acting 
machines  about  30  per  cent,  when  the  machine  is  running 
with  a  head  pressure  of  150  pounds  and  a  back  pressure  of 
15  pounds  per  square  inch.  If  the  head  pressure  is  increased 
or  the  back  pressure  decreased,  the  loss  will  be  greater. 

1408.  Compound  Compression. — In  order  to  over- 
come the  loss  due  to  cylinder  superheating,  compound 
ammonia  compressors  have  been  built.  The  gas  is  first 
compressed  in  a  large  cylinder  and  is  then  discharged  into 
a  smaller  one,  where  it  is  compressed  to  the  final  pressure. 
There  are,  however,  no  authentic  tests  on  such  compressors, 
and  it  is  an  open  question  whether  the  increased  friction  does 
not  more  than  make  up  for  the  gain  due  to  the  lessened 
superheating. 

1 409.  Effect  of  Pressures. — Neglecting  the  loss  due 
to  superheating,  it  was  shown  in  Arts.  1375  and  1376 

that  for  maximum  theoretical  economy  and  capacity,  the 
suction  pressure  should  be  as  high  as  possible  and  the  con- 
densing pressure  as  low  as  possible. 

It  is  evident  also  that  these  are  the  conditions  that  reduce 
the  loss  due  to  superheating.  It  follows,  therefore,  that  the 
back  pressure  should  be  high,  not  only  in  order  to  increase 
the  capacity,  but  also  to  reduce  the  superheating. 


THE    AMMONIA   ABSORPTION   SYSTEM. 


GBNBRAL.    DBSCRIPTIOIV.       , 

1410.  The  action  of  a  refrigerating  system  of  the 
absorption  type  is  based  upon  the  affinity  of  a  vapor,  usually 
ammonia  vapor,  for  water.  As  stated  in  Arts.  1361  and 
1363,  water  will  absorb  1,140  times  its  volume  of  ammonia 
gas,  and  to  liberate  one  pound  of  ammonia  gas  thus  absorbed 
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requires  the  expenditure  of  925.7  B.T.U.     Suppose  we  have 
a  strong  solution  of  aqua  ammonia;  if  heat  be  applied  to  the 
solution,   the  ammonia  gas  or  vapor  will  be  driven  off  at 
relatively  high  pressure,  and  when  passed  through  a  con- 
densing coil,  will  con- 
dense to  the   liquid 
state.     The  liquid  can 
now,    just    as    in    the 
compression  system, 
be  admitted   to  a  re- 
f  ri  ge  ra  t  i  ng   coil 
through  an  expansion- 
valve.     In  this  coil  it 
will  vaporize  and  with- 
draw  heat    from    the 
surrounding     objects. 
The   vapor   may  now 
be  again  absorbed  by 
.    water,  thus  regaining 
z    its  original  state  and 
S    closing    the    cycle    of 
operations. 

1411.    The  essen- 
tial features  of  the 
absorption  system  are 
shown    in    Fig.    334. 
Steam  is  admitted  at 
a  pressure  of  about  40 
pounds    per   square 
inch,  gauge,  to  a  coil 
B,  submerged  in  a 
strong   solution   of 
aqua     ammonia    con- 
tained in  the  vessel  A, 
The   temperature  of  the  solution  will  be  raised   nearly  to 
that  of  the  incoming  steam,  say  to  about  270°  F.,  and  the 
heat  absorbed  will  cause  the  ammonia  gas  to  be  driven  off 
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at  a  pressure  of  say  160  pounds  per  square  inch.  The  pres- 
sure corresponding  to  any  given  temperature  depends  upon 
the  strength  of  the  solution;  the  stronger  the  solution  the 
higher  the  temperature,  and  vice  versa.  As  the  temperature 
of  the  solution  is  below  the  boiling  point  of  water  for  this 
pressure,  no  water  will  evaporate,  and  only  ammonia  gas  will 
pass  over  into  the  condenser  C.  The  construction  of  the 
condenser  is  similar  to  that  of  the  compression  system. 
The  cold  water  flowing  over  the  condensing  coils  absorbs  heat 
from  the  gas,  and  the  combined  effect  of  the  high  pressure 
and  the  cooling  action  of  the  water  is  to  liquefy  the  gas.  It 
is  to  be  noted  that  the  pressure  is  not  produced  mechanically, 
as  in  the  compression  machine,  but  by  chemical  action. 

As  the  ammonia  liquid  passes  through  the  expansion-valve 
to  the  expansion  coils,  the  pressure  is  reduced,  reevapora- 
tion  begins  in  the  expansion  coils,  and  heat  is  absorbed  from 
the  brine  or  other  substance  in  the  chamber  D, 

In  the  compression  system,  the  ammonia  pump  draws  the 
gas  from  the  expansion  coils,  but  in  the  absorption  system, 
the  removal  of  the  gas  is  effected  by  allowing  the  gas  from 
the  expansion  coils  to  mingle  with  the  weak  solution  of 
ammonia  from  which  the  gas  was  expelled  in  the  still  or 
generator  A. 

During  the  process  of  generating  the  ammonia  gas  in  the 
still  A^  the  strong  solution  rises  to  the  top  on  account  of 
its  smaller  specific  gravity,  and  the  weaker  solution  settles 
to  the  bottom  and  flows  through  a  pipe  to  the  vessel  E 
called  the  absorber.  Here  it  meets  the  gas  as  it  comes 
from  the  expansion  coil  and  absorbs  it.  Since  a  low  tem- 
perature is  required  for  efficient  absorption,  the  weak  liquor 
on  its  way  to  the  absorber  passes  through  a  coil  \V,  which 
is  cooled  by  running  water.  The  absorber  E  is  also  pro- 
vided with  a  water  coil  F.  A  small  pump  P  takes  the  strong 
liquid  from  near  the  top  of  the  absorber  and  forces  it  back 
into  the  generator.     This  completes  the  cycle  of  operations. 

1412.  Fig.  335  shows  a  sectional  elevation  of  a  Ponti- 
fex-Hendrick  absorption  machine.     The  various  parts  and 
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their  functions  are  as  follows :  The  generator,  stilly  or 
retort,  is  the  cylinder  containing  the  charge  of  aqua 
ammonia;  it  is  Supplied  with  a  steam  coil  to  drive  the 
ammonia  gas  from  the  solution.  The  steam  inlet  is  shown 
at  5.  The  ascending  gas  passes  through  the  trays  of  the 
analyzer,  which  act  as  baffle-plates,  and  cool  the  gas  by 
means  of  the  incoming  strong  liquor  which  they  contain. 
From  the  analyzer  the  gas  passes  through  the  pipe  G  to  the 
rectifier;  this  is  a  coil  of  the  atmospheric  type,  supplied 
with  pockets  on  some  of  the  return  bends  to  catch  any 
moisture  that  may  pass  from  the  generator  and  be  mixed 
with  the  ammonia  gas.  The  gas  on  leaving  the  rectifier  is 
strictly  anhydrous,  all  water  vapor  having  been  removed. 
The  water  returns  to  the  analyzer  through  the  drip  M, 
The  gas  then  enters  the  condenser,  where  it  is  liquefied, 
then  passes  to  the  cooler,  where,  after  abstracting  the  heat 
from  the  brine,  it  is  revaporized  and  passes  off  to  the 
absorber.  The  weak  liquor  in  the  generator  is  forced  by 
the  high  pressure  in  the  generator  into  the  shell  of  the 
excbanser,  whence  it  passes  to  the  absorber.  After 
absorbing  the  gas  and  being  cooled  by  the  water  coils  in  the 
absorber,  the  liquor  is  forced  by  means  of  the  ammonia 
pump  through  the  coils  of  the  exchanger  and  into  the  ana- 
lyzer. The  hot  weak  liquor  entering  the  shell  and  the  cool 
strong  liquor  entering  the  coil  of  the  exchanger,  transfer 
or  exchange  their  heat,  so  that  the  weak  liquor  becomes 
cooled  and  the  strong  liquor  becomes  heated.  The  use  of 
the  exchanger  effects  a  considerable  saving  of  both  water 
and  coal.  The  strong  liquor  entering  the  analyzer  gradu- 
ally works  down  from  tray  to  tray,  and  in  its  descent  is 
heated  by  the  ascending  gas. 

The  various  parts  indicated  by  the  reference  letters  are  as 
follows: 

B^  brine  inlet  to  cooler. 

B\  brine  outlet  from  cooler. 

5,  steam  inlet. 

IF,  W^  water  inlet  to  condenser. 

W\  pipe  conveying  water  from  condenser  to  absorber. 
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Wy  waste-water  outlet  from  absorber. 

Z,  pipe  conveying  weak  liquor  from  generator  to  ex- 
changer. 

L\  pipe  conveying  weak  liquor  from  exchanger  to  absorber. 

F,  pipe  conveying  gas  from  condenser  to  cooler. 

(7,  pipe  conveying  gas  from  analyzer  to  rectifier. 

G',  pipe  conveying  gas  from  rectifier  to  condenser. 

Z>,  pipe  conveying  strong  liquor  from  pump  to  exchanger. 

D\  pipe  conveying  strong  liquor  from  exchanger  to  ana- 
lyzer. 

Py  pipe  conveying  strong  liquor  from  absorber  to  pump. 


DETAILS   OF   THB   ABSORPTION    SYSTEM. 

1413.  The  senerator,  sometimes  called  the  still  or 
retort,  is  the  vessel  in  which  the  aqua  ammonia  is  placed 
and  from  which  the  ammonia  gas  is  evaporated.  There 
are  two  classes  of  generators,  viz.,  direct  fired  and  those 
indirectly  heated  by  means  of  a  steam  coil.  The  former 
class  is  now  seldom  seen.  Generators  provided  with  steam 
coils  are  subdivided  into  two  classes,  viz.,  vertical  and 
horizontal.  Vertical  stills,  used  largely  on  absorption  ma- 
chines in  the  South,  are  usually  made  of  boiler  plate  with 
riveted  seams.  The  internal  coils  are  of  the  helical  type, 
nested   one   inside   of    the   other.     The   steam  inlets   pass 

.  through  the  side  of  the  shell,  and  the  outlet  for  the  con- 
densed steam  through  the  bottom  head.  These  tails  are 
protected  by  either  lock-nuts  or  glands.     The  same  objec- 

•  tion  applies  to  the  vertical  still  as  to  the  vertical  boiler ;  it 
does  not  make  dry  gas.  The  evaporating  surface  being 
comparatively  small,  depending  upon  the  diameter  of  the 
shell,  the  boiling  is  very  rapid,  and  it  is  difficult  to  keep  the 
steam  coils  always  submerged.  If  these  coils  are  exposed 
to  the  action  of  the  gas  and  liquor  when  uncovered,  they 
will  become  pitted  and  will  have  to  be  renewed  in  the 
course  of  two  or  three  years.  Vertical  stills  are  also  liable 
to  boil  over  when  forced,  the  ebullition  being  so  strong  at 
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such  a  time  as  to  cause  the  complete  charge  to  pass  over 
into  the  condenser.  Another  objection  is  the  excessive 
height  necessary  to  accommodate  stills  of  this  class. 

With  a  view  to  the  elimination  of  these  difficulties,  the 
horizontal  still  was  constructed.  The  ebullition  in  this 
case  is  very  quiet,  no  action  being  noticeable  in  a  gauge- 
glass.  The  liberating  surface  of  the  liquid  is  large,  and 
there  is  no  difficulty  in  keeping  the  coils  covered  with 
liquor.  Coils  in  use  in  this  type  of  machine  have  lasted 
for  fourteen  years  without  any  appreciable  pitting.  The 
shells  of  horizontal  generators  are  usually  made  of  cast 
iron.  The  first  cost  of  a  horizontal  generator  is  greater 
than  that  of  the  vertical  still. 

1414.  Analyzer. — In  the  case  of  the  vertical  still, 
the  upper  portion  of  the  shell  is  provided  with  a  series  of 
wrought-iron  plates  so  arranged  that  the  returning  strong 
liquor  will  pass  over  these  plates  and  come  in  contact  with 
the  ascending  gas.  In  the  case  of  the  horizontal  still,  the 
analyzer  is  attached  as  shown  in  Fig.  335.  It  is  provided 
with  cast-iron  pans,  one  set  above  the  other  in  such  a 
manner  that  though  the  descending  strong  liquor  comes 
in  contact  with  the  gas,  the  latter  does  not  pass  through 
the  liquor  as  in  the  former  case;  the  gas  is  thereby  left 
much  drier.  Cast-iron  plates  are  also  more  durable  than 
the  wrought-iron  ones. 

1415.  Rectifier. — The  rectifier  is  a  coil  or  series  of 
coils  arranged  like  those  in  the  condenser.  Its  office  is 
to  precipitate  on  the  sides  of  the  pipes  any  moisture  that 
may  have  passed  over  with  the  gas.  This  moisture  is  then , 
collected  in  a  trap,  like  water  in  an  ordinary  steam  separa- 
tor, and  the  liquid  is  then  allowed  to  pass  back  into  the 
analyzer  by  gravity  or  enter  the  receiver  of  the  absorber. 
The  rectifier  is  a  very  necessary  part  of  the  absorption 
machine,  as  upon  it  the  efficiency  of  this  type  of  machine 
largely  depends. 

1416.  Exclianger    and    Weal^-Liquor    Cooler. — 

The  exchanger  is  a  cast  or  wrought  iron  shell  provided  with 
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coils.  The  inlet  for  the  hot,  weak  liquor  from  the  still 
enters  the  shell  near  the  top,  and  the  outlet  is  near  the 
bottom.  The  ammonia  pump  delivers  the  strong  liquor 
into  the  bottom  of  the  coils.  After  being  heated,  the  strong 
liquor  passes  out  of  the  top  of  the  coils  into  the  analyzer. 
The  inlets  and  outlets  of  these  coils  are  connected  by  means 
of  a  header.  Some  makers  reverse  this  action  and  allow 
the  weak  liquor  to  pass  through  the  coils  and  the  strong 
liquor  through  the  shell.  One  method  has  no  particular 
advantage  over  the  other.  The  tails  of  the  coils  are  pro- 
vided with  either  lock-nuts  or  glands,  to  prevent  ammonia 
leakage.  Well-proportioned  machines  should  have  at  least 
6  square  feet  of  exchanging  surface  per  ton  of  refrigerating 
effect.  Machines  employing  vertical  stills  seldom  have  over 
2  square  feet  per  ton,  as  better  exchanging  increases  the 
liability  of  boiling  over.  In  such  machines,  it  is  necessary 
to  provide  other  means  for  cooling  the  weak  liquor  before 
it  enters  the  absorber,  as  the  surface  is  not  sufficiently 
large  in  the  absorber  to  cool  the  weak  liquor  below  130°  or 
140°  F.  For  this  purpose,  a  weak-liquor  cooler  is  pro- 
vided. It  consists  of  either  an  atmospheric  or  Submerged 
coil  of  pipe  through  which  the  weak  ammonia  liquor  passes 
on  its  way  from  the  exchanger  to  the  absorber.  The  sur- 
face depends  largely  upon  how  much  it  is  desired  to  cool 
the  liquor,  and  may  be  from  3  to  10  square  feet  per  ton. 

1417.  Condenser. — Condensers  used  for  this  system 
are  similar  to  those  already  described  in  case  of  the  com- 
pression machine  in  Arts.  1395  to  1397. 

1418.  Absorber. — There  are  four  classes  of  absorbers, 
viz.,  the  submerged  or  tank  absorber,  the  full  absorber, 
empty  absorber,  and  atmospheric  absorber.  The  first  con- 
sists of  a  series  of  coils  arranged  in  a  water-tank.  The 
gas  enters  the  top  of  the  coils,  and  the  weak  liquor  sprayed 
in  at  the  top  gradually  works  down  through  the  coil,  ab- 
sorbs the  gas  in  its  descent,  and  enters  the  receiver  at  the 
bottom,  into  which  all  the  coils  are  connected.     The  water 
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in  the  tank  enters  at  the  bottom,  passes  off  at  the  top, 
and  carries  away  the  heat  of  absorption.  Such  absorbers 
should  contain  from  30  to  40  square  feet  of  surface  per 
ton  of  refrigerating  effect.  The  full  absorber  consists  of  a 
cylindrical  shell  provided  with  water  coils  nested  one  within 
the  other,  or  else  with  straight  tubes  similar  to  the  tubes  of 
a  boiler.  The  latter  is  preferable  on  account  of  ease  of 
cleaning,  but  the  liability  of  leakage  is  greater,  owing  to 
the  number  of  joints.  The  gas  and  weak  liquor  enter  the 
shell  near  the  bottom,  the  gas  passing  up  through  the  liquor 
contained  in  the  shell  and  being  absorbed  by  it.  The  liquor 
overflows  near  the  top  of  the  shell  and  passes  to  the  pump 
suction,  the  water  entering  the  top  of  the  coils  or  tubes  and 
out  at  the  bottom.  The  objection  to  this  type  is  that  it  is 
necessary  for  the  gas  entering  the  absorber  to  have  suflS- 
cient  pressure  to  pass  through  the  liquor.  This  takes  away 
from  the  absorber  the  pressure  equal  to  the  head  due  to  the 
height  of  liquor  above  the  inlet  gas.  For  this  reason, 
the  empty  absorber  is  much  more  efficient,  particularly  in 
the  case  of  low  temperatures.  The  construction  of  this 
absorber  is  similar  to  that  of  the  full  absorber,  except 
that  the  weak  liquor  is  sprayed  in  over  the  coils  at  the  top 
of  the  shell  and  the  gas  enters  below  this  spray.  The 
bottom  of  the  absorber  takes  the  place  of  the  receiver. 
The  atmospheric  absorber  is  not  a  commercial  success,  and  is 
only  provided  by  one  or  two  builders. 

1419.  Ammonia  Pump. — The  aqua-ammonia  pump 
consists  of  a  small  well-proportioned  steam  or  power  pump, 
amply  strong  to  run  against  a  pressure  at  350  to  400  pounds 
per  square  inch.  This  is  not  the  regular  service  of  the 
pump,  but  such  pressure  is  used  for  the  purpose  of  testing 
the  various  parts  of  an  absorption  machine  and  the  piping 
for  the  purpose  of  detecting  leaks  before  the  machine  is 
started.  Direct-acting  steam-pumps  are  built  either  with  or 
without  fly-wheels.  Duplex  ammonia  pumps  are  not  satis- 
factory. Ammonia  pumps  should  have  a  capacity  of  150 
cubic  inches  per  minute  per  ton  of  refrigerating  effect. 
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1420.  Castinss  and  Coils. — All  castings  used  for 
ammonia  work  should  be  made  in  either  loam  or  dry  sand 
and  should  be  tested  to  a  hydraulic  pressure  of  500  pounds 
per  square  inch.  The  iron  used  should  be  of  fine  grain  and 
free  from  imperfections,  sand,  or  blow-holes.  All  coils  used 
for  this  work  should  be  made  of  extra  heavy  lap-welded 
redrawn  tuyere  pipe.  They  should  be  continuously  welded 
and  tested  to  a  hydraulic  pressure  of  800  pounds  per  square 
inch,  or  an  air-pressure  of  300  pounds  per  square  inch  under 
water.  The  coils  should  be  well  hammered  while  being 
tested,  so  as  to  dislodge  all  scale,  dirt,  etc. 


CONSIDERATIONS    AFFBCTINQ     THB    BCONOMT     OF    THB 
ABSORPTION    SirSTBM. 

1421.     Generation   of    Anhydrous   Ammonia. — 

Few  of  the  absorption  machines  now  built  are  able  to  gen- 
erate pure  anhydrous  ammonia  gas  without  some  trace  of 
moisture.  In  order  to  get  economical  results,  the  absorption 
machine  must  make  anhydrous  ammonia.  Any  adultera- 
tion, even  if  as  low  as  5  per  cent.,  decreases  the  economy 
of  the  machine  considerably.  Machines  having  vertical 
stills  are  more  subject  to  this  trouble  than  those  with  hori- 
zontal stills.  The  analyzer  of  a  horizontal  still  condenses 
out  some  of  the  water  on  the  under  side  of  the  analyzer 
trays,  the  gas  leaving  with  probably  not  over  5  per  cent, 
entrained  moisture.  To  extract  this  remaining  5  per  cent., 
the  rectifier  is  used.  The  most  efficient  form  of  rectifier  is 
that  containing  a  number  of  drip  pockets  for  the  purpose  of 
trapping  out  the  moisture  by  a  differential  process;  the 
gas  leaves  the  last  pocket  in  a  practically  dry,  anhydrous 
state. 

The  method  of  testing  samples  of  anhydrous  ammonia 
for  impurities  has  already  been  explained  in  Art.  1364. 
If  it  is  not  convenient  to  draw  out  a  sample  of  anhydrous 
ammonia,  its  condition  may  be  approximately  determined 
by  noting  the  temperature  of  the  brine,  or,  better  yet,  that 
of  the  ammonia  in  the  expansion  coils,  if  this  is  possible, 


Digitized  by  CjOOQIC 


816  PRINCIPLES  OF  REFRIGERATION. 

and  the  back  pressure.  After  determining  these  two  read- 
ings, turn  to  Table  26,  giving  the  properties  of  saturated 
ammonia  gas.  The  temperature  of  the  ammonia  due  to 
the  back  pressure  as  given  by  the  table  should  be  nearly 
identical  with  the  temperature  in  the  expansion  coils.  If 
the  latter  temperature  is  any  higher  than  that  given  in  the 
table  for  the  corresponding  pressure,  one  may  be  assured 
that  the  variation  is  due  to  water  in  the  anhydrous  ammonia. 
The  ice-machines  of  the  South  are  much  troubled  in  this 
particular,  as  few  of  them  carry  a  back  pressure  above  that 
of  the  atmosphere,  even  with  high  brine  temperatures  in 
the  freezing  tank.  This  is  due  to  the  fact  that  the  ma- 
chines do  not  make  anhydrous  ammonia.  The  makers  and 
operators  of  such  machines  think  that  it  is  necessary  to  carry 
a  low  back  pressure ;  this  is  a  mistake,  and  the  trouble  should 
be  looked  for  in  the  still,  analyzer,  or  rectifier  of  the  machine; 
when  these  are  constructed  correctly,  the  back  pressure  will 
rise  of  its  own  accord. 

1422.  Efficiency  of  Absorber,  —  Naturally  the 
higher  the  back  pressure  the  stronger  will  be  the  strong 
liquor  leaving  the  absorber;  and  the  stronger  the  liquor 
the  less  quantity  will  have  to  be  pumped  per  ton  of  work 
done.  From  this  it  will  be  seen  that  a  high  back  pressure 
is  conducive  to  economy,  in  that  it  tends  to  secure  a 
strong  solution  in  the  absorber  and  thus  diminishes  the 
quantity  of  liquor  to  be  pumped.  The  absorber  that  will 
give  the  strongest  solution  for  any  given  back  pressure  and 
the  coolest  pump  delivery  for  the  same  amount  of  water  is 
the  most  efficient.  Absorbers  run  on  the  empty  principle 
are  more  efficient  in  this  respect  than  either  the  submerged 
or  full  absorber.  An  absorber  should  have  sufficient  surface 
and  so  distributed  that  it  will  be  economical  in  the  quantity 
of  cooling  water  used.  It  should  be  designed  with  a  view 
to  using  the  water  after  it  has  passed  through  the  condenser 
and  has  done  its  work  in  condensing  the  ammonia  gas. 
Water  should  never  be  run  through  the  absorber  first  and 
then  through  the  condenser,  as  this  invariably  increases  the 
head  pressure. 
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1423.  Efficiency  of  Exclianser. — The  exchanger 
should  be  of  ample  size  and  have  large  surfaces,  so  that  it 
is  unnecessary  to  add  on  a  weak-liquor  cooler.  A  large 
exchanger  naturally  gives  cool  weak  liquor  to  the  absorber 
and  warm  strong  liquor  to  the  analyzer.  This  economizes 
both  the  steam  and  water  consumption  of  the  machine. 

1424.  Comparison  of  Absorption  and  Compres- 
sion Systems. — Recent  tests  made  by  Professor  J.  E. 
Denton  on  a  50-ton  Pontifex-Hendrick  machine  have  demon- 
strated the  following  facts:  That  with  excessively  low  brine 
temperatures,  such  as  20°  below  zero  F.,  the  capacity  of  the 
machine  was  only  diminished  by  about  10  per  cent.  The 
economy  of  the  machine  at  these  low  temperatures  was 
better  than  that  of  a  compression  machine  driven  by  a  com- 
pound Corliss  engine  that  would  not  use  over  15  pounds  of 
steam  per  horsepower  per  hour.  Its  economy  with  high 
brine  temperatures  was  better  than  that  of  a  compression 
machine  driven  by  an  ordinary  Corliss  engine.  The  water 
consumption  of  this  machine  with  low  brine  temperatures 
was  from  two  to  three  gallons  per  ton  per  minute,  but  the 
temperature  of  the  water  in  this  case  was  70°  F.  This  is 
probably  considerably  more  than  would  be  used  by  a  com- 
pression machine. 

The  relative  economy  of  the  two  systems  is  still  an  open 
question.  Under  certain  conditions,  it  is  likely  that  the 
absorption  machines  give  better  results  than  compression 
machines;  for  example,  a  small  absorption  machine  will 
probably  be  more  economical  than  a  compression  machine 
driven  by  an  ordinary  slide-valve  engine.  On  the  other 
hand,  tests  of  large  compression  •  machines  under  favorable 
conditions  show  an  economy  higher  than  that  of  the  ordi- 
nary absorption  system  of  the  same  capacity. 


CARBON-DIOXIDE  REFRIGERATING-MACHINES. 
1425.  Compression  machines  using  carbonic  acid  as  a 
refrigerating  fluid  are  coming  into  quite  extensive  use,  espe- 
cially in  Germany,  where  liquid  carbonic  acid  is  manufac- 
tured very  cheaply  as  a  by-product  of  the  brewing  industry. 
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The  characteristic  feature  of  the  carbon-dioxide  system  is 
the  high  pressure  required  for  the  condensation  of  the  gas. 
Referring  to  Table  25,  Art.  1355,  it  is  seen  that  at  a  tem- 
perature of  G8°  F.,  the  pressure  is  864  pounds  per  square 
inch,  absolute.  The  back  pressure  is  correspondingly  high ; 
for  a  temperature  of  5°  F.  in  the  expansion  coil,  the  pres- 
sure is  342  pounds,  absolute. 

1 426.  Reference  to  Table  25  shows  also  that  at  ordinary 
refrigerating  temperatures,  the  density  of  carbon  dioxide  is 
great  compared  with  ammonia  at  the  same  temperature. 
Thus,  at  77°  F.,  a  cubic  foot  of  carbon  dioxide  (vapor)  weighs 
15.475  pounds,  while  a  cubic  foot  of  ammonia  at  that  pres- 
sure weighs  only  .5  pound.  Though  the  latent  heat  of 
carbon  dioxide — and  in  consequence  the  refrigerating  effect 
per  pound — is  less  than  that  of  ammonia,  the  greater  density 
permits  the  use  of  a  compression  cylinder  of  much  smaller 
dimensions  than  the  cylinder  of  the  ammonia  compressor. 
This  may  be  illustrated  by  a  numerical  example.  In  the 
problem,  Art.  1374,  the  theoretical  volume  of  the  com- 
pressor cylinder  for  a  capacity  of  20  tons  was  found  to  be  a 
little  less  than  i  cubic  foot.  Suppose  we  have  a  compressor 
using  carbon  dioxide,  the  condenser  temperature  being  68° 
and  the  temperature  in  the  refrigerating  coil  14°  F.  The 
heat  sihstrRcted  per  pound  oi  vapor  is  given  by  equation  (r). 
Art.  1370: 

The  specific  heat  of  liquid  carbon  dioxide  being  1,  we  have 

At  14°  F.,  the  latent  heat  is  115.7  B.  T.  U.  (see  Table  25) ; 
hence 

Q^  =  115.7  -  (68  -  14)  =  61.7  B.  T.  U. 
For  a  capacity  of  20  tons,  the  heat  abstracted  per  minute 
must  be 

20  X  285,300 


24  X  60 


=  3,962.0  B.T.  U. 
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At  112  strokes  per  minute,  the  weight  of  carbonic  acid 
circulated  per  stroke  must  be 

^^''^■'    .=  .57  lb. 


61.7  X  112 


At  a  temperature  of  14°  F.,  a  cubic  foot  of  carbon  diox- 
ide weighs  4.535  lb. ;  hence  the  cylinder  volume  required  is 
.57-T-  4.535  =  ^  cubic  foot,  about  |-  of  the  volume  required 
for  ammonia. 

1427.  The  small  volume  of  the  compressor  is  an  un- 
doubted advantage  of  the  carbon-dioxide  machine.  Other 
advantages  claimed  are  the  following: 

Carbon  dioxide,  or  carbonic  acid,  is  cheaper  than  ammonia, 
is  non-corrosive,  non-explosive,  and  is  not  dangerous  to  life 
when  diluted  with  air.  Another  advantage  of  carbon  dioxide 
is  that  it  has  no  harmful  effect  on  beer,  meat,  water,  or  any 
articles  in  cold  storage. 

The  objections  to  the  carbon-dioxide  machine  are  as  fol- 
lows: The  high  pressures  employed  render  the  construction 
and  operation  of  the  machine  difficult.  It  is  also  difficult 
to  construct  the  piping  and  coils  so  that  the  joints  will 
withstand  the  pressure.  Gauge-glasses  will  not  stand  the 
pressures.  Owing  to  the  small  size  of  the  compressor, 
the  prejudicial  effect  of  the  clearance  is  more  marked  in 
the  carbon-dioxide  machine.  Carbon  dioxide  being  colorless 
and  odorless,  it  is  difficult  to  detect  leaks.  The  usual  test 
for  leaks  is  lime-water,  which  becomes  milky  in  the  presence 
of  carbon  dioxide. 

1428.  In  the  expression  for  the  heat  abstracted, 

the  subtractive  part,  s  (/^  —  0»  ^^  ^"^  to  the  incompleteness 
of  the  cycle  (see  Art.  1369).  The  latent  heat  of  ammonia 
being  relatively  great,  500  B.  T.  U.  and  more  per  pound  at 
ordinary  temperatures,  the  loss  s  {t^  —  /„)  due  to  fall  of  the 
temperature  of  the  liquid  is  small  in  comparison.  In  the 
case  of  carbon  dioxide,  however,  the  latent  heat  is  much 
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less,  and  this  loss  is  relatively  much  greater;  thus,  in  the 
example,  Art.  1426,  the  loss,  68  —  14  =  54,  is  nearly  one- 
half  of  the  latent  heat,  115.7. 

To  decrease  the  loss  of  efficiency  due  to  the  incomplete- 
ness of  the  cycle,  it  has  been  proposed  to  introduce  a  motor 
between  the  condenser  and  refrigerator,  upon  which  the 
expanding  liquid  will  do  work,  thus  rendering  the  cycle 
complete. 

With  an  expansion-valve,  the  efficiency  of  a  carbon-dioxide 
machine  is  about  two-thirds  that  of  an  ammonia  compression 
machine. 

SULPHUR-DIOXIDE    REFRIGERATING- 
MACHINES. 

1429.  Refrigerating-machines  using  sulphur  dioxide 
as  a  refrigerating  fluid  are  in  use  to  some  extent.  However, 
a  reference  to  Table  24,  giving  the  properties  of  saturated 
sulphur  dioxide,  shows  that  this  gas  is  not  especially  adapted 
for  a  refrigerating  fluid.  Its  latent  heat  per  pound  is  less 
than  ^  of  the  latent  heat  of  ammonia,  while  its  density  is 
but  little  greater  than  that  of  ammonia.  Hence,  for  the 
same  ice-making  capacity,  the  volume  of  the  compressor 
cylinder  must  be  about  three  times  the  volume  of  an  am- 
monia compression  cylinder.  This  naturally  increases  the 
first  cost  of  the  plant,  and  even  allowing  that  such  a 
machine  is  as  economical  as  an  ammonia  machine,  its  first 
cost  is  sufficient  to  debar  its  sale.  Another  serious  objec- 
tion to  the  sulphur-dioxide  machine  is  the  fact  that  the  utmost 
care  must  be  taken  that  no  gas  shall  escape  from  the  con- 
denser and  other  coils,  as  this  gas  combining  with  water 
forms  sulphurous  acid,  which  rapidly  attacks  iron.  The 
machines  first  built  had  copper  condensing  coils,  but  the  first 
cost  of  these  was  so  great  that  they  were  soon  abandoned. 
The  utmost  caution  must  be  exercised  in  keeping  the  piston 
rod  perfectly  dry,  to  prevent  corrosion.  Sulphur  dioxide  is 
poisonous  when  inhaled. 

For  low  refrigerating  temperatures,  the  pressure  in  the 
refrigerating  coils  is  less  than   atmospheric   pressure  (see 
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Table  24).  As  a  result,  air  is  likely  to  leak  into  the  coils, 
and  this  in  combination  with  sulphur  dioxide  will  form 
sulphur  trioxide,  which  in  turn  will  in  contact  with  water 
form  sulphuric  acid. 

At  very  low  refrigerating  temperatures,  the  efficiency  of 
the  sulphur-dioxide  machine  is  low ;  at  higher  temperatures, 
the  efficiency  compares  fairly  well  with  that  of  the  ammonia 
compression  machine. 

VACUUM  REFRIGERATING-MACHINES. 

1430.  The  vacuum  machine  employs  water  vapor  as 
the  refrigerating  fluid.  From  the  fact  that  water  vapor  in 
order  to  have  a  low  temperature  must  have  a  very  low  ten- 
sion arises  the  name  **  vacuum  "  machine. 

The  operation  of  the  vacuum  machine  is  precisely  similar 
to  that  of  an  ammonia  compression  machine.  The  vacuum 
is  formed  by  a  pump,  which  withdraws  the  vapor  from  the 
refrigerator,  where  the  pressure  is  about  .1  pound  per  square 
inch  or  less,  and  compresses  it  into  a  condenser  at  a  pressure 
of  about  1.5  pounds.  The  evaporation  of  a  part  of  the  water 
in  the  refrigerator  withdraws  enough  heat  from  the  remain- 
der to  turn  it  to  ice ;  or,  if  the  refrigerator  contains  brine, 
the  heat  absorbed  by  evaporation  lowers  the  temperature  of 
the  brine. 

In  a  vacuum  machine  of  this  type,  the  vapor  cylinder  must 
have  a  capacity  of  about  150  times  that  of  an  ammonia  com- 
pression machine  for  the  same  tonnage.  The  number  of  gal- 
lons of  condensing  water  per  ton  of  ice-melting  capacity, 
assuming  a  range  of  30°  F.  in  the  condensing  water,  is  340. 
The  ice-melting  capacity  per  pound  of  coal,  assuming  three 
pounds  of  coal  per  hour  per  horsepower,  is  about  25  pounds. 

It  is  evident  that  the  enormous  size  of  a  vacuum  machine 
of  this  type  puts  it  out  of  competition  with  other  refrigera- 
ting-machines. 

1431.  In  another  form  of  vacuum  machine,  the  use 
of  the  large  compressor  is  avoided  by  the  use  of  sulphuric 
acid  as  an  absorbent.     Fig.  336  is  a  diagram  showing  the 
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principle  of  operation  of  this  machine.  By  means  of  the  air- 
pump  -P,  a  nearly  perfect  vacuum  is  produced  in  the  chamber 
Ay  and  the  water  in  the  bottom  of  this  chamber  begins  to 
vaporize.  The  vessel  B  contains  sulphuric  acid,  which  is 
delivered  to  the  vessel  C  in  the  form  of  a  spray.  The  acid 
having  a  great  affinity  for  water  absorbs  the  vapor  in  the 
chamber,  and  the  dilute  acid  flows  out  into  the  vessel  D. 
Fresh  water  enters  the  chamber  through  the  water  injector  -/% 
and  carries  with  it  some  of  the  salt  solution  that  has  been 


Fig.  886. 

passing  through  the  refrigerating  coil  £.  The  vaporization 
of  some  of  the  water  chills  the  remainder,  which  falls  to  the 
bottom  of  the  chamber,  and  passing  to  the  coil  E^  absorbs  a 
fresh  supply  of  heat.  A  pump,  not  shown  in  the  figure,  is 
required  to  pump  the  acid  after  it  is  reconcentrated  into  the 
vessel  B, 

The  principal  objection  to  the  machine  just  described  is 
that  the  sulphuric  acid  is  an  inconvenient  liquid  to  handle. 
The  vessels  and  pipes  containing  it  must  be  of  lead  or  be 
lead-lined. 
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APPLICATION  OF  REFRIGERATION. 


REFRIGERATING  SYSTEMS. 
1 432*     There  are  two  principal  systems  of  refrigeration, 
viz.,  the  brine  system  and  the  direct-expansion  system. 

In  the  former  system,  the  expansion  coils  (^,  Fig.  324) 
are  immersed  in  a  tank  of  brine ;  this  brine,  which  is  a  non- 
freezing  solution  of  salt,  gives  up  its  heat  to  the  ammonia 
evaporating  in  the  coils,  and  is  then  pumped  through  coils  of 
pipe  placed  on  the  sides  or  ceiling  of  the  room  to  be  cooled. 
The  circulating  brine  thus  continually  absorbs  heat  from  the 
cold  room  and  gives  it  to  the  ammonia,  and  the  latter  carries 
it  to  the  condenser. 

1433.  In  the  direct-expansion  system,  the  ammonia  is 
admitted  through  the  expansion-valve  directly  into  the  coils 
in  the  rooms  to  be  refrigerated.  The  heat  of  the  cold  room 
is  taken  up  by  the  ammonia  directly,  and  the  intermediate 
agent,  brine,  is  not  employed.  The  difference  between  the 
two  systems  may  be  explained  as  follows:  In  Fig.  324,  sup- 
pose the  expansion  coil  ^  to  be  a  comparatively  short  or 
compact  coil,  and  let  the  vessel  Z>  be  a  tank  containing 
brine;  with  this  arrangement,  we  have  the  brine  system. 
On  the  other  hand,  suppose  the  vessel  D  to  represent  the 
room  or  rooms  to  be  cooled,  and  suppose  the  expansion  coil  B 
to  be  a  long  coil,  divided  into  many  branches,  and  located 
on  the  ceilings  or  sides  of  the  rooms;  this  arrangement  con- 
stitutes the  direct-expansion  system. 

1434.  Advantages  of  the  Systems. — Each  of  the 
systems  just  described  has  certain  advantageous  features, 
which  are,  however,  dependent  to  some  extent  on  the  condi- 
tions under  which  the  system  is  operated.  Advocates  of 
the  brine  system  urge  the  following  points  in  favor  of  this 
system  and  against  the  direct-expansion  system: 

1.  The  total  weight  of  ammonia  required  by  the  brine 
system  is  less  than  that  required  by  the  other  system. 

2.  The  whole  of  the  ammonia  part  of  the  system   is 
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located  in  one  room,  under  the  direct  care  of  the  attendant; 
with  the  direct-expansion  system,  on  the  other  hand,  the 
close  attention  of  the  engineer  is  required  in  every  room. 

3.  On  account  of  the  large  quantity  of  circulating  brine, 
the  temperatures  are  more  easily  regulated  with  the  brine 
system  than  with  the  other;  also,  the  brine  will  circulate 
several  hours  after  the  machine  has  stopped  and  still  keep 
the  rooms  cold.  In  the  direct-expansion  system,  this  reser- 
voir of  cold — as  the  brine  may  be  called — is  lacking,  and  as 
soon  as  the  machine  stops,  the  refrigeration  also  stops,  and 
the  temperature  of  the  rooms  begins  to  rise.  With  direct 
expansion,  therefore,  it  is  necessary  to  keep  the  machine 
running  continually  24  hours  per  day,  while  with  the  brine 
system  the  machine  can,  if  desired,  be  shut  down  at  night 
and  started  the  next  morning.  This  is  a  decided  advantage 
for  the  brine  system  in  the  case  of  small  plants,  where  the 
work  required  is  not  sufficient  to  justify  the  employment  of  a 
night  attendant.  In  large  systems,  also,  where  the  machines 
run  continuously,  it  is  of  some  advantage  to  be  able  to  stop 
the  machine  for  some  hours  to  make  needed  repairs. 

4.  In  cold-storage  refrigeration,  the  danger  of  damaging 
goods  by  a  leaky  ammonia  coil  is  a  serious  objection  to  the 
direct-expansion  system. 

The  points  advanced  by  those  who  favor  the  direct-expan- 
sion system  are  as  follows: 

1.  The  system  is  simpler  and  cheaper  to  install;  there 
being  no  intermediate  agent  to  circulate,  the  brine  tank,  ex- 
pansion coils  in  the  tank,  and  brine-pump  are  dispensed  with. 

2.  The  economy  of  the  direct-expansion  system  is  supe- 
rior to  that  of  the  brine  system.  In  the  first  place,  the 
power  required  to  drive  the  brine-pump  is  saved.  Then 
the  temperature  of  the  ammonia  in  the  expansion  coil  must 
be  lower  in  the  brine  system  than  in  the  direct-expansion 
system.  Suppose,  for  example,  that  the  cold  room  is  to  be 
kept  at  a  temperature  of  32°  F.  By  using  a  sufficient 
amount  of  piping,  the  temperature  of  the  ammonia  in  the  ex- 
pansion coils  may  be  say  22°,  the  drop  of  10°  being  necessary 
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to  effect  the  transfer  of  heat.  The  back  pressure  cor- 
responding to  22**  is  about  35  pounds  gauge.  If  brine  is  used 
at  a  temperature  of  22**,  it  is  evident  that  the  temperature  of 
the  ammonia  in  the  expansion  coils  must  be  lower  in  order 
that  the  brine  may  give  up  its  heat  to  the  ammonia.  Allow- 
ing a  drop  of  10°,  the  temperature  in  the  expansion  coils  is 
12°  and  the  corresponding  suction  pressure  is  about  25  pounds 
per  square  inch,  gauge.  It  was  shown  in  Art.  1375  that 
the  capacity  and  economy  of  a  machine  depend  very  largely 
on  the  suction  pressure ;  hence,  since  with  the  brine  system 
the  suction  pressure  is  necessarily  lower  than  with  the 
direct-expansion  system,  it  follows  that  the  latter  system  is 
the  more  economical,  other  things  being  equal. 

The  brine  system  is  generally  preferred  for  small  installa- 
tions and  the  refrigeration  of  cold-storage  boxes  in  markets, 
hotels,  etc.,  where  the  large  number  of  boxes  would  require 
too  close  attention  with  direct  expansion.  For  large  instal- 
lations, the  superior  economy  of  the  direct-expansion  system 
is  a  strong  point  in  its  favor. 


THE    DIRECT-EXPANSION   SYSTEM. 

1435«  The  pipe  used  in  direct-expansion  coils  varies 
from  1  inch  to  2  inches  in  diameter.  The  coils  are  prefer- 
ably made  of  continuously  welded,  extra  heavy  pipe,  but  this 
is  not  possible  in  the  case  of  2-inch  pipe  coils  when  made 
up  with  steel  return  bends  and  soldered  joints.  The  length 
of  coils  used  depends  entirely  upon  the  builder,  as  there  are 
no  regular  rules  or  formulas  for  this  work.  About  400  feet 
for  1-inch  and  IJ-inch  pipe  and  GOO  feet  for  l^-inch  and 
2-inch  pipe  is  a  maximum.  Rules  for  piping  for  direct  expan- 
sion are  entirely  empirical.  The  following  is  the  average 
practice : 

High-temperature  work,  such  as  brewery  refrigeration, 
packing-house  work,  and  all  work  above  32°  F.,  1  lineal  foot 
of  l:^inch  pipe  to  every  16  cubic  feet  of  space.  For  freezing 
rooms  to  be  held  at  a  temperature  of  15°  F.  or  under,  1  foot 
of  1^-inch  direct-expansion  pipe  for  6  cubic  feet  of  space. 
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Pipes  of  larger  diameter  will  carry  more  space  in  proportion 
to  their  diameter.  The  quantity  of  piping  thus  specified  is 
based  upon  a  back  pressure  of  15  pounds  per  square  inch, 
gauge,  which  is  equivalent  to  a  temperature  of  0°  F.  If  the 
back  pressure  is  30  pounds,  double  the  quantity  of  pipe 
should  be  used,  and  if  as  low  as  atmospheric  pressure,  one- 
half  the  quantity  is  all  that  is  necessary.  Flat  metal  disks 
are  at  times  attached  to  direct-expansion  coils  for  the  pur- 
pose of  increasing  the  radiating  surface.  Opinions  differ  as 
to  the  efficiency  of  these  disks.  Details  of  the  piping  of 
cold-storage  warehouses,  breweries,  etc.,  will  be  given  in  a 
subsequent  section. 

All  coils  should  be  provided  at  the  inlet  with  expansion- 
valves,  that  is,  valves  for  regulating  the  amount  of  anhy- 
drous ammonia  entering  the  coil,  sometimes  known  2lS  feed 
valves.  The  outlet  valves  are  the  full  size  of  the  coil  and 
act  as  stop-valves  for  shutting  it  off. 

The  feed  and  return  lines  should  have  the  following  sizes: 


Capacity. 

Main  Feed  Line. 

Main  Return  Line. 

5  tons. 

^  inch. 

\\  inches. 

10   •• 

\     " 

H     " 

25     " 

i     " 

2       " 

40     " 

f     " 

1\     " 

75     " 

1       " 

3       •• 

120     " 

li     " 

4       '• 

The  above  table  is  for  the  maximum  tonnage  that  can  be 
secured  with  any  given  size  of  pipe,  the  velocity  of  the  gas 
being  80  feet  per  second.  In  case  of  return  lines  of  any 
great  length,  say  over  100  feet,  a  pipe  one  size  larger  should 
be  used.  All  direct-expansion  coils  should  be  provided 
with  drip  pans  for  catching  the  melted  frost. 


THE    BRINE   SYSTEM. 


VARIETIES  AND  PROPERTIES  OF  BRINE. 

1436.  Salt  Brine. — There  are  two  salts  commonly 
used  for  making  the  brine  used  in  brine  circulation.  The 
first  is  Liverpool  salt  (chloride  of  sodium),  which  forms  the 
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ordinary  brine  capable  of  withstanding  a  temperature  of 
about  0°  F.  This  salt  is  cheap  in  first  cost,  but  has  a  corrosive 
action  on  iron. 

The  following  table  gives  the  percentage  by  weight  of  the 
salt  in  a  brine  solution  of  a  given  hydrometer  reading,  and 
the  freezing  point  of  that  solution : 

TABLE   28. 


PROPBRTIBS  OP  SALT  BRING. 


1 

Degrees  on 
Salometer 
60*  Fah. 

4-* 

ik 

I 

CO 

•"  -s. 

«  fa! 

•H  9 
o   o 

IS 

o  fa 

P 
fa 

s 

X 
u 

1 

0 

0 

1.000 

0 

8.35 

62.40 

32.00 

1.000 

1 

4 

1.007 

1 

8.40 

62.80 

31.80 

0.992 

5 

20 

1.037 

5 

8.65 

64.70 

25.40 

0.960 

10 

40 

1.073 

10 

8.95 

66.95 

18.60 

0.892 

15 

60 

1.115 

15 

9.30 

69.57 

12.20 

0.855 

19 

80 

1.150 

20 

9.60 

71.76 

6.86 

0.829 

23 

100 

1.191 

25 

9.94 

74.26 

1.00 

0.783 

Care  should  always  be  exercised  in  selecting  a  good  salt 
for  making  brine.  Ordinary  desert  salt  will  not  answer  for 
this  purpose,  as  it  will  not  give  a  strong  enough  solution  on 
account  of  being  impure.  Such  salt  always  gives  trouble 
by  having  ice  form  on  the  expansion  coils,  and  in  case  of  ice- 
making,  by  freezing  the  cans  fast  to  the  coils. 

1437*  Chloride  of  Calcium  Brine.— The  other  salt 
used  for  making  brine  is  the  chloride  of  calcium.  It  has 
all  the  most  essential  properties  which  ordinary  salt  lacks. 
It  has  no  corrosive  action  on  iron,  which  makes  it  unneces- 
sary to  have  the  brine-pump  lined  with  brass.  It  has,  in  fact, 
an  oily  nature,  and  for  that  reason  has  a  strong  tendency 
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to  leak  if  the  piping  is  in  any  way  imperfect;  care  should 
therefore  be  exercised  in  the  pipework  of  a  chloride  of  cal- 
cium brine  circulation.  It  is  possible  to  obtain  much  lower 
temperatures  by  the  use  of  chloride  of  calcium  than  com- 
mon salt  brine,  —50°  F.  being  the  limit. 

The  following  table  gives  the  properties  of  chloride  of  cal- 
cium brine : 

TABLE    29. 


PROPBRTIBS  OF  CALCIUM  BRINB. 


E 
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1 

1.007 

1 

+31.10 

21 

1.169 

19 

+  1.76 

2 

1.015 

2 

30.38 

22 

1.179 

20 

-  1.48 

3 

1.024 

3 

29.48 

23 

1.189 

21 

-  4.90 

.76 

4 

1.032 

4 

28.58 

24 

1.199 

22 

-  8.68 

5.5 

1.041 

5 

27.68 

25 

1.209 

23 

-11.64 

.75 

6.5 

1.049 

6 

26.  GO  : 

26 

1.219 

24 

-17.14 

8 

1.058 

7 

25.52 

27 

1.229 

25 

-21.82 

9 

1.0C7 

8 

24.26 

28 

1.240 

26 

-27.04 

10 

1.076 

9 

22.82 

11 

1.085 

10 

21.38 

29 
30 

1.250 
1.261 

27 
28 

-32.62 
-39.28 

12 

1.094 

11 

19.76 

31 

1.272 

29 

-46.30 

.693 

13 

1.103 

12 

18.14 

32 

1.283 

30 

-54.40 

14.5 

1.112 

13 

16.34 

33 

1.294 

31 

-52.42 

15.5 

1.121 

14 

14.36 

34 

1.305 

32 

—39.28 

17 

1.131 

15 

12.20 

35 

1.316 

33 

-25.24 

18 

1.140 

16 

10.04 

35.5 

1.327 

34 

-  9.76 

19 

1.150 

17 

7.52 

36.5 

1.338 

35 

+  2.84 

20 

1.159 

18 

4.64 

37.5 

1.349 

36 

+14.36 
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The  cost  of  chloride  of  calcium  is  about  double  that  of 
salt.  The  quality  is  extremely  variable;  insist  upon  having 
fused  chloride  of  calcium.  The  salt  is  excessively  deli- 
quescent, that  is,  it  is  capable  of  absorbing  a  large  quantity 
of  water;  for  this  reason,  it  is  often  used  as  a  drier.  This 
great  avidity  of  calcium  chloride  for  water  renders  adulter- 
ation by  the  absorption  of  water  very  easy.  Even  the  fused 
salt  contains  as  much  as  20  per  cent,  of  water,  whereas  the 
unfused  salt,  though  still  in  solid  form,  contains  upwards  of 
50  per  cent,  of  water.  Care  should  therefore  be  used  in 
selecting  the  salt. 

When  it  is  desired  to  purchase  chloride  of  calcium,  request 
samples.  Dissolve  a  certain  weight  of  each  sample  of  the 
salt  in  the  same  quantity  of  water;  take  a  hydrometer  read- 
ing of  each  one  of  the  samples  after  the  salt  is  thoroughly 
dissolved;  the  one  giving  the  highest  reading  is  the  best 
sample.  

MAKING  BRINB. 

1438.  When  a  plant  is  first  charged  with  brine,  the 
brine-pump  delivery  should  be  brought  over  the  top  of  the 
brine  tank,  even  though  a  temporary  connection  has  to  be 
made,  and  allowed  to  enter  a  crib.  This  crib  should  be  about 
2  ft.  by  4  ft.,  and  be  hung  from  two  stringers  laid  across 
the  top  of  the  tank.  The  bottom  of  the  crib  should  be 
formed  of  slats  and  a  piece  of  burlaps  or  bagging  laid  over 
them.  The  brine-pump  is  then  slowly  started,  delivering  a 
stream  of  brine  into  the  crib.  Into  this  crib,  bags  of  salt  are 
then  dumped.  In  case  chloride  of  calcium  is  used,  the  iron 
drums  in  which  it  comes  should  be  cracked  open  by  means 
of  a  sledge-hammer.  It  is  best  not  to  remove  the  iron  until 
after  the  calcium  is  broken,  the  iron  casing  preventing 
pieces  of  the  calcium  from  flying  about.  By  keeping  the 
pump  running  slowly,  the  salt  in  the  crib  will  gradually  dis- 
solve. Samples  of  the  brine  should  be  drawn  out  occasion- 
ally and  tested  with  a  hydrometer  until  the  required  gravity 
is  reached,  when  the  addition  of  salt  or  chloride  of  calcium 
should  be  discontinued.    The  crib  can  then  be  removed  and 


Digitized  by  CjOOQIC 


830  PRINCIPLES  OF  REFklGERATION. 

the  temporary  pump  delivery  disconnected.  In  case  of 
chloride  of  calcium  brine,  all  that  is  necessary  to  strengthen 
the  brine  is  to  throw  some  of  the  broken  calcium  into  the 
brine  tank,  near  the  pump  suction.  The  affinity  of  this  salt 
for  water  is  so  great  that  it  will  readily  dissolve,  even  when 
the  brine  is  at  a  comparatively  low  temperature.  Do  not 
attempt  to  strengthen  salt  brine  with  chloride  of  calcium, 
expecting  to  gradually  work  a  calcium  brine  into  the  sys- 
tem. The  calcium  will  readily  dissolve,  but  as  it  has  a 
greater  affinity  for  water  than  salt,  it  will  precipitate  the 
salt  out  of  the  brine,  thus  clogging  the  pipes  in  the  circula- 
tion. If  it  is  desired  to  make  the  change,  pump  out  all  the 
salt  brine  and  mix  up  a  fresh  batch  of  calcium  brine. 


THB    BRING  TANK. 

1439.  The  shape  of  the  brine  tank  is  preferably  rect- 
angular, and  deep  rather  than  wide.  Sufficient  headroom 
should  be  left  above  the  tank  for  replacing  the  expansion 
coils.  Depth  is  given  to  the  tank  so  that  the  brine  will 
have  an  opportunity  of  falling  as  it  becomes  colder,  on 
account  of  its  greater  density.  This  arrangement  permits 
the  warm  brine  from  the  circulation  to  enter  the  tank  near 
the  top  and  the  pump  suction  to  take  it  out  near  the  bot- 
tom, where  the  brine  is  the  coldest.  The  tank  should  also 
be  provided  with  a  drain  on  the  bottom  for  emptying  it. 
The  pump  suction  should  be  several  inches  above  the  bot- 
tom, so  that  any  dirt,  sediment,  etc.,  may  be  able  to  settle 
on  the  bottom  of  the  tank  without  entering  the  suction-pipe. 
It  is  also  well  to  provide  the  suction  with  a  strainer  having 
a  removable  screen  that  can  be  drawn  up  through  the  top 
of  the  tank,  cleaned,  and  replaced.  Tanks  6  feet  deep  should 
be  hnih  of  y\-inch  iron,  riveted  with  f-inch  rivets,  1^-  inches 
center  to  center.  There  should  be  a  S*'  X  3*  angle-iron  rim 
around  the  top,  and  one  girth  brace  consisting  of  two  3'  X  3" 
angle-irons  with  a  Y  X  6'  plate  riveted  in  between.  This 
brace  should  be  placed  30  inches  from  the  bottom.  The 
tank  should  be  braced  across  the  top  every  6  feet.     In  case 
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the  tank  is  8  feet  deep,  it  should  be  constructed  of  :|^-inch 
iron,  and  it  should  be  provided  with  two  girth  braces  of 
3'x  S'  angle-iron  with  i'  X  6*  plate.  Brine  tanks  of  the 
depths  above  specified  should  be  provided  with  good  foun- 
dations, as  their  weight  when  full  exceeds  the  safe  limit  of 
the  average  warehouse  floor.  Preferably  they  should  stand 
on  brick  or  stone  piers,  carried  up  from  hard-pan  and  cov- 
ered with  2-inch  planks.  On  these  planks  lay  3'  X  10'' 
joists,  12  inches  center  to  center,  well  bridged,  and  fill  the 
space  between  the  joists  with  ground  cork,  or  if  that  is  too 
expensive,  planing-mill  shavings  packed  in  tightly.  Lay  a 
f-inch  pine  floor  over  the  cork,  then  two  layers  of  good 
water-proof  paper,  over  which  lay  a  IJ^-inch  floor.  The 
tank  is  then  set  on  this  floor  and  hot  pitch  is  run  in  under 
it.  The  description  of  side-wall  insulation  is  given  in  a 
subsequent  section. 

BXPAN8ION  COILS. 

1440.  The  shape  of  the  brine  tank  governs  the  style 
of  expansion  coils  to  be  used.  In  case  of  a  round  brine 
tank,  it  is  necessary  to  use  helical  coils,  one  nested  within 
the  other.  Such  coils  are  unsatisfactory,  as  the  inside  coil 
is  much  shorter  than  the  outside  one,  which  makes  it  nec- 
essary to  regulate  the  feed  of  each  coil  by  itself,  so  as  to 
properly  distribute  the  ammonia  between  them.  It  is  also 
difficult  to  clean  these  coils  and  repair  them  in  case  of 
leaks. 

The  simplest  and  most  effective  expansion  coil  is  the 
flat  return-bend  coil.  It  is  inexpensive  to  build,  easily 
handled  and  shipped,  and  should  be  made  of  continuously 
welded  pipe,  with  no  joints  in  the  tank.  The  tails  of  these 
coils  should  project  through  the  side  or  top  of  the  brine 
tank  and  should  be  fitted  with  expansion  and  stop  valves 
and  headers,  as  shown  in  Fig.  337. 

The  size  of  the  rpain  feed  line  supplying  the  flow  header 
and  that  of  the  return  or  suction  line  from  the  return 
header  should  be  the  same  as  given  in  Art.  1435  for 
direct-expansion  feeds  and  returns.     The  individual  feed  for 
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each  coil  should  be  ^  inch.     This  is  a  convenient  size,  as  it 
does  not  readily  clog  and  is  sufficiently  small  for  fine  adjust- 


Bottotn  Feed.  !Bop  JPeed^ 

Fig.  8»r. 

ment;    1-inch  pipe   is   a    very  satisfactory  size  to  use  for 
expansion  coils,  though  larger  sizes  are  often  used. 

To  get  economical  results,  coils  of  this  size  pipe  should 
not  exceed  150  feet  in  length.  Fifty  square  feet  per  ton 
of  refrigerating  capacity  and  90  square  feet  per  ton  of  ice- 
making  capacity  should  be  allowed.  In  other  words,  one  coil 
of  1-inch  pipe  150  feet  long  will  give  1  ton  of  refrigerating 
effect. 

1441.  There  are  three  methods  of  supplying  the  expan- 
sion coils  with  anhydrous  ammonia.     They  are: 

1.  The  bottom  fecd^  in  which  the  liquid  ammonia  is 
admitted  at  the  bottom  of  the  coil  and  the  suction  is  taken 
from  the  top.  By  this  method,  it  is  necessary  to  very 
nearly  fill  the  coil  with  anhydrous  ammonia,  in  order  to  get 
the  benefit  of  all  the  pipe.  Furthermore,  the  liberating 
area  is  equal  to  only  the  cross-sectional  area  of  the  pipe, 
so  that  the  ammonia  can  not  evaporate  very  rapidly. 
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2.  The  top  feed^  in  which  the  liquid  ammonia  enters  the 
top  of  the  coil  and  the  gas  is  taken  from  the  bottom.  This 
method  does  away  with  two  of  the  important  defects  in  the 
former  method.  A  slight  feed  at  the  top  of  the  coil  allows  a 
stream  of  liquid  ammonia  to  gradually  work  down  through 
the  coil  and  evaporate  along  the  full  length  of  the  coil. 
This  gives  a  long  evaporating  area,  and  the  benefit  of  the 
full  length  of  the  coil  is  obtained;  further,  the- coldest  ammo- 
nia is  delivered  at  the  top  of  the  tank  where  it  is  most 
needed.  The  principal  objection  to  this  method  is  that 
there  is  a  liability  of  overfeeding,  which  permits  some  of 
the  liquid  anhydrous  ammonia  to  pass  down  into  the 
return,  and  so  to  the  compressor  or  absorber,  without  hav- 
ing evaporated. 

The  arrangement  for  the  bottom-feed  system  is  shown  in 
Fig.  337  {a)  and  that  for  the  top-feed  system  in  Fig.  337  (*). 
In  each  figure  a  represents  the  feed-pipe,  b  the  return 
pipe,  c  the  flow  header,  and  d  the  return  header. 

3.  Top  feed  and  bottom  expansion^  which  is  a  combina- 
tion of  the  two  preceding  methods,  retains  the  good  points 
of  both.  In  this  method,  one  coil  is  provided  with  a  feed 
valve  at  the  top,  and  the  anhydrous  ammonia  is  allowed 
to  work  through,  as  in  case  of  the  top-feed  system;  but 
instead  of  having  the  bottom  tail  of  this  coil  connected 
with  the  return,  this  tail  is  connected  with  the  bottom 
tail  of  the  adjoining  coil.  Any  liquid  that  is  overfed  in 
the  first  coil  passes  into  the  second,  and  there  it  is  com- 
pletely evaporated  and  passes  out  at  the  top  into  the 
return  suction  line.  This  last  method,  though  more  expen- 
sive than  either  of  the  others,  gives  very  satisfactory 
results. 


THE  BBINB-PUMP. 

1442«  If  chloride  of  sodium  (common  salt)  brine  is 
used,  the  brine-pump  should  be  bronze-lined  throughout; 
that  is,  it  should  have  a  brass  cylinder,  rods  and  glands  on 
stuffing-boxes.     This   bronze   lining  is   not  necessary  with 
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chloride  of  calcium  brine,  iron  working  parts  being  per- 
fectly admissible.  Tupper's  square  flax  packing  is  a  good 
packing  to  use  with  chloride  of  calcium  brine.  Any  ordi- 
nary soft  packing  will  answer  for  salt  brine. 

The  size  of  the  brine-pump  depends  upon  the  quantity  of 
brine  circulated  per  minute  and  upon  the  range  of  tempera- 
ture between  the  warm  brine  entering  the  expansion  tank 
and  the  cold  brine  leaving  it.  A  very  good  rule  of  thumb 
for  capacity,  in  case  of  brine  circulation,  is  as  follows: 
Twenty 'five  galloiis  of  brine  cooled  one  degree  in  one  minute 
is  equivalent  to  one  ton  of  refrigerating  effect  per  twenty- 
four  hours;  hence  5  gallons  of  brine  cooled  Ave  degrees  or 
six  gallons  cooled  four  and  one-sixth  degrees  are  approxi- 
mately equal  to  that  tonnage. 

If,  therefore,  it  is  desired  to  select  a  brine-pump  for  a 
10-ton  plant,  and  the  range  of  temperature  between  the 
brine  at  the  inlet  and  that  at  the  outlet  is  5°,  a  brine-pump 
of  50  gallons  capacity  should  be  selected.  The  maximum 
piston  speed  at  which  brine-pumps  should  run  is  GO  feet  per 
minute;  40  feet  per  minute  is  better,  and  is  a  fair  average. 
The  pressure  against  which  a  brine-pump  usually  has  to 
work  is  comparatively  low,  and  the  ordinary  low  service  or 
tank  pump  is  the  type  usually  used.  Both  single  and  duplex 
pumps  are  used,  the  latter  class  predominating. 


BRINB  MAINS. 

1443.  In  running  brine  mains,  it  is  important  to  have 
the  lines  as  straight  as  possible  and  to  avoid  risers  and  down- 
takes.  Where  these  are  unavoidable  and  form  a  loop,  it  is 
best  to  provide  the  highest  point  of  the  riser  with  an  air- 
cock  for  bleeding  it.  This  is  particularly  important  in  case 
of  the  secondary  mains,  where  an  air  trap  will  cause  the 
brine  to  flow  through  the  other  secondary  mains  at  the 
expense  of  the  one  having  the  air  trap.  This  gives  rise  to 
the  supposition  that  the  coils  or  main  are  blocked  and  that 
the  circulation  is  prevented  on  that  account.    Water  fittings 
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of  long  radius  or  sweep  are  preferable  for  use  in  extended 
brine  circulations ;  such  fittings  are  considerably  more  expen- 
sive than  the  ordinary  steam  fittings,  but  are  much  better 
on  account  of  the  decreased  friction.  Unions  used  on  brine 
work  should  in  all  cases  be  flanged  unions  or  those  having 
ground  joints.  A  -jij-inch  2-ply  rubber  gasket  is  all  that  is 
necessary  for  the  flange  unions. 

1444.  In  laying  out  a  brine  circulation,  it  is  very 
important  to  distribute  the  flow  of  brine  in  such  a  way  that 
the  quantity  sent  to  each  portion  of  the  house  should  return 
from  all  those  parts  at  nearly  the  same  return  tempera- 
ture. It  is  first  necessary  to  estimate  the  tonnage  required 
to  cool  each  section ;  from  this  the  quantity  of  brine  is  esti- 
mated. Knowing  the  quantity  of  brine,  the  next  step  is  to 
ascertain  the  sizes  of  the  various  mains  needed  to  conduct  this 
quantity  of  brine  with  a  friction  head  *  of  say  10  pounds  per 
square  inch.  The  method  of  calculating  the  tonnage  will  be 
given  in  a  subsequent  section  under  the  different  heads  of 
cold-storage  refrigeration,  breweries,  packing  houses,  etc 
The  second  step,  namely,  that  of  estimating  the  quantity  of 
brine  required,  is  based  upon  the  rule  of  thumb  given  in 
Art.  1442.  The  initial  and  terminal  temperatures  hav- 
ing been  decided  on,  25  divided  by  their  difference  gives 
the  quantity  of  brine  required  per  ton  of  refrigerating  effect. 
This  multiplied  by  the  tonnage  of  any  given  section  to  be 
cooled  gives  the  quantity  of  brine  required  to  refrigerate 
that  space. 


*  When  a  liquid  flows  through  a  horizontal  pipe  with  a  uniform  ve- 
locity, there  is  a  loss  of  pressure  due  to  the  friction  between  the  liquid 
and  the  pipe ;  thus,  if  the  pressure  of  the  liquid  as  it  enters  the  pipe 
is  40  pounds  per  sq.  in.,  it  may  be  only  80 pounds  on  leaving  the  pipe, 
the  loss  being  10  pounds  per  sq.  in.  A  pressure  in  pounds  per  square 
inch  may  be  changed  to  a  head  of  water  as  follows:  A  cubic  foot  of 
water  weighs  62.42  pounds;  therefore,  a  column  of  water  one  foot  high 
with  one  square  inch  cross-section  weighs  62.42  -*- 144  =  .43  +  pound.  It 
follows  that  a  column  of  water  produces  at  its  base  a  pressure  of  .43 
pound  per  sq.  in.  for  each  foot  of  height.  The  head  of  water  corre- 
sponding to  the  loss  of  pressure  when  water  or  other  liquid  flows 
through  a  pipe  is  called  the  friction  bead.  A  friction  head  of 
say  20  feet  corresponds  to  a  loss  of  pressure  of  20  X  .43  =  8.6  pounds 
per  sq.  in. 
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This  process  may  be  expressed  by  the  following  formula; 

^  =  7^.        (124.) 
in  which 

G  =  gallons  of  brine  required  per  minute; 
7"=  tonnage  of  section  to  be  cooled; 
/,  =  temperature  of  brine  inlet ; 
/,  =  temperature  of  brine  outlet. 

1445.  The  determination  of  the  size  of  the  pipe  neces- 
sary to  carry  a  given  quantity  of  brine  is  based  on  D'Arcy's 
formula  for  the  flow  of  water  through  clean  cast-iron  pipes. 
This  formula  is  practically  correct  for  wrought-iron  pipes. 
In  case  there  are  very  many  elbows  in  the  work,  it  is  best  to 
deduct  10,^  from  the  results  given  by  the  formula. 
Let  Q  —  gallons  of  brine  delivered  per  minute; 

//  =  head  in  feet  required  to  overcome  friction ; 
/  =  length  of  pipe  in  feet. 

Then,  for  1-inch  pipe,    (?  =  28.5j/z.  (125.) 

The  formula  as  given  applies  only  to  1-inch  pipe.  If  it 
is  desired  to  ascertain  the  quantity  of  brine  that  will  flow 
through  pipes  of  other  diameters,  it  is  necessary  to  multiply 
the  amount  that  a  1-inch  pipe  will  deliver  by  the  factor  in  the 
following  conversion  table  opposite  the  given  diameter: 

Diameter.  Factor. 

1  inch 1.00 

\\  inches 1.84 

\\       ''       3.02 

2  **  G.53 

2i  **  10.23 

3  **  19.10 

4  **  40.50 

5  **  72.00 

6  **  115.00 

If  we  denote  by  G  the  actual  quantity  of  brine  used  per 
minute  and  by  Q  the  quantity  delivered  per  minute  by  a 
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1-inch  pipe,  then  the  factor  required  will  be  given  by  the 

Q 

quotient  -^.  The  size  of  pipe  required  can  then  be  deter- 
mined from  the  value  found  for  the  factor. 

Example. — Two  houses  are  supplied  with  refrigeration  from  a  cen- 
tral station.  The  quantity  supplied  to  house  A  is  equivalent  to  the 
melting  of  12  tons  of  ice,  or,  in  ordinary  language,  A  requires  12  tons 
of  refrigeration ;  house  B  requires  14  tons.  The  range  of  temperature 
is  5",  the  friction  head  from  the  station  to  A  must  not  exceed  15  feet,  and 
that  from  A  to  B  must  not  exceed  12  feet.  The  distance  of  house  A 
from  the  station  is  150  feet  and  B  is  200  feet  beyond  A.  What  size  of 
pipe  is  required  from  the  central  station  to  Ay  and  what  size  from 
A  to  B} 

Solution. — According  to  formula  124,  the  quantity  of  brine  that 

25  X  12 
must  pass  per  minute  to  house  A  is  G  =  ^^— = —  =  60  gallons,  and  for 

o 

25  X  14 
house  Bj  G  = = =  70  gallons.     Since  the  pipe  to  A  must  carry 

the  brine  for  both  A  and  B,  it  must  carry  130  gallons  per  minute.  To 
find  the  quantities  delivered  per  minute  by  a  1-inch  pipe  under  the 

given  conditions,  we  use  formula  125.     For  house  A,  ^  =  28.5  i/ ^  = 

28.5 1/^  =  9  gallons,  nearly.     For  B,  Q  =  28.5  i/-^*^  =  7  gallons, 

nearly.  For  house  A  the  factor  is—  =  -]  -  =  14.44.  The  next  higher 
factor  given  in  the  table  is  19.1;  hence  a  3-inch  pipe  will  be  used. 
For  B,  -^  =  -=-  =  10,  which  calls  for  a  2i-inch  pipe  between  .  /  and  B. 


BRINB  COILS. 

1446«  The  majority  of  brine  coils  are  constructed  of 
IJ-inch  pipe.  The  pipes  are  run  in  return-bend  flat  coils 
and  hung  on  either  walls  or  ceiling.  The  coils  are  built  of 
common  black  steam  or  water  pipe,  and  are  provided  with 
either  cast  or  wrought  iron  return  bends  at  the  ends  of  the 
runs.  Wrought-iron  return  bends  are  preferable,  as  there 
is  less  danger  of  leaks,  due  to  sand  holes,  etc.  Cast-iron 
couplings  are  used  on  well-built  brine  circulations,  as  pipe 
can  be  made  up  much  tighter  into  these  couplings  without 
stretching  them  than  in  case  of  the  wrought-iron  couplings. 


Digitized  by  CjOOQIC 


838 


PRINCIPLES  OF  REFRIGERATION. 


(h) 


The  return  bends  for  1^-inch  pipe  should  be  at  least  6  inches 
center  to  center,  so  as  to  give  a  good  circulation  of  air 
between  the  pipes  and  prevent  their 
freezing  over  into  one  solid  mass.  It 
will  be  seen  that  style  {a),  Fig.  338, 
gives  a  considerable  more  surface  per 
lineal  foot  of  pipe  than  style  (^),  where 
the  runs  are  frozen  together. 

Coils  should  be  provided  at  inlet  and 
outlet  with  heavy  steam-cocks.  Gate- 
valves  are  not  advisable,  as  the  flow  can 
be  better  regulated  by  a  cock,  and  one 
can  tell  at  a  glance  exactly  how  much  the 
cock  is  open.  Flange  unions  should  be 
provided  at  both  ends  of  the  coil,  just  in- 
side of  the  cocks,  so  that  the  coil  can  be 
Fig.  338.  '  readily  disconnected  in  case  of  necessity. 
The  inlet  is  usually  connected  at  the  bottom  of  the  coil 
and  the  outlet  at  the  top.  A  pet  or  air  cock  should  be  placed 
in  the  coil  near  the  outlet  cock  for  drawing  off  any  air  that 
may  accumulate.  In  case  side-wall  coils  are  used,  they 
should  be  hung  on  furring  strips  at  least  6  inches  deep,  so 
as  to  keep  the  coil  that  distance  from  the  wall.  This  will 
insure  a  good  circulation  of  air  and  prevent  the  frost  from 
reaching  the  wall.  These  furring  strips  should  be  3'  X  6' 
and  be  placed  about  8  feet  center  to  center.  A  drip  pan  or 
trough  should  be  hung  under  the  coil  to  catch  the  drip 
coming  from  the  melted  snow  when  the  coil  is  turned  off. 
It  is  best  to  have  tubsat  the  ends  of  these  troughs,  as  drain- 
pipes are  liable  to  freeze  up  and  cause  trouble.  Coils  are  usu- 
ally run  in  lengths  of  about  300  feet  of  1^-inch  pipe.  Such 
a  coil  will  absorb  in  twenty-four  hours  a  quantity  of  heat 
equivalent  to  the  melting  of  about  ^  ton  of  ice.  With  a  range 
of  4°  between  the  inlet  and  outlet  of  the  coil,  about  3  gallons 
of  brine  a  minute  will  be  required  to  give  this  capacity.  To 
secure  this  flow,  the  friction  head  need  not  exceed  2  feet. 


1447.     Testing. — When  the  brine  circulation  is  com- 
pleted,   it   should   be   subjected    to   a   thorough   test    with 
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hydraulic  pressure  equal  to  about  double  the  running  pres- 
sure of  the  brine.  Leaks  should  be  carefully  repaired. 
When  chloride  of  calcium  brine  is  used,  it  is  especially  im- 
portant to  have  a  tight  job  of  pipe  fitting,  as  calcium  brine 
never  rusts  up  a  leak.  After  the  work  has  been  completed, 
but  before  it  has  been  accepted,  the  circulation  should  be 
subjected  to  a  ** frost  test,"  as  it  is  called.  The  brine  is 
refrigerated  as  in  regular  service,  and  the  brine  pipes  in 
the  circulation  including  the  mains  are  allowed  to  frost  over. 
If  there  are  any  leaks,  they  will  become  apparent,  as  the 
leaky  points  will  not  frost  and  can  be  readily  detected.  It 
is  best  to  leave  off  the  insulation  of  the  mains  until  a  frost 
test  has  been  applied,  so  that  there  is  no  chance  for  leakage 
and  the  consequent  ruin  of  insulation. 


COOLING    THE    BRINE. 

1448.  Ordinarily  the  brine  is  cooled  in  a  brine  tank 
containing  expansion  coils.  This  consists  essentially  of 
either  a  round  or  rectangular  tank  in  which  is  placed  one 
or  more  coils  of  pipe.  The  tank  contains  the  brine  solu- 
tion, and  the  pipe  coils  the  liquefied  anhydrous  ammonia, 
which  expands  in  these  coils  and  abstracts  the  heat  from 
the  brine.  Two  improvements  on  this  system  are  known  as 
the  Hendrick  brine-cooler  system  and  the  British  Linde 
circulating  system. 

1449.  Hendrick  Brine  Cooler.  —  The  purpose  of 
the  brine  cooler  is  to  give  a  more  efficient  means  of  cooling 
brine  than  that  of  the  ordinary  brine  tank.  It  consists  of  a 
cylindrical  shell  set  on  end  and  supplied  with  helical  pipe 
coils  continuously  welded  throughout  their  length.  The 
tails  of  the  Coils  pass  through  the  top  and  bottom  heads  of 
the  shell,  and  the  ends  of  these  tails  are  connected  into  a 
manifold  or  header.  The  shell  is  sufficiently  strong  to  with- 
stand a  working  pressure  due  to  the  back  pressure  of  the 
machine.  In  effect  the  brine  cooler  is  the  reverse  of  the 
brine  tank,  the  ammonia  being  on  the  outside  and  the  brine 
inside  of  the  coils.    In  this  arrangement,  the  brine  is  pumped 
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continuously  through  the  coils,  thus  creating  a  very  rapid 
circulation  in  them  and  giving  a  much  higher  efficiency  to 
the  surface  than  that  in  the  brine  tank,  where  the  coils  are 
submerged  in  a  sluggish  liquid,  and  the  circulation  depends 
upon  the  difference  in  the  density  of  the  brine  as  it  becomes 
cold.  Furthermore,  the  expansion  of  the  ammonia  in  the 
shell  insures  the  highest  back  pressure  possible  for  any 
given  temperature,  and  there  is  no  chance  of  any  throttling 
action  in  the  coils,  as  in  case  of  the  expansion  tank.  This 
is  a  very  important  factor,  especially  in  the  case  of  com- 
pression machines,  where  the  higher  the  back  pressure  the 
greater  the  efficiency  of  the  machine. 

Care  is  taken  in  designing  coils  for  brine  coolers  of  this 
type,  so  that  the  pressure  required  to  overcome  friction 
does  not  exceed  ten  pounds  per  square  inch.  Owing  to  the 
rapid  circulation  of  both  the  ammonia,  which  boils  around 
the  coils,  and  the  brine  inside,  it  is  possible  to  get  an  out- 
let brine  temperature  within  3'^  of  the  ammonia  tempera- 
ture. This  insures  a  brine  temperature  nearly  as  low  as 
the  temperature  of  the  ammonia  itself,  and  brings  up  the  effi- 
ciency of  the  brine  system  practically  to  that  of  the  direct- 
expansion  system. 

The  principal  objection  to  the  cooler  is  the  friction  in  the 
coils,  but  this  can  be  reduced  to  a  minimum  by  proper 
design. 

The  circulation  is  similar  to  that  of  an  ordinary  brine 
circulation,  but  the  connections  are  as  follows:  A  brine- 
storage  tank  of  any  required  capacity  is  used  ;  the  brine- 
pump  takes  the  brine  from  this  tank,  and  delivers  it  to 
the  brine  cooler.  The  cold  brine  leaves  the  bottom  of 
the  brine  cooler  and  passes  to  the  circulation  coils,  and 
the  warm  brine  returns  from  the  coils  to  the  brine-storage 
tank. 

1450.  Tlie  Britlsli  Linde  System.  —  The  British 
Linde  air-ciradating  system  consists  of  a  series  of  flat 
return-bend  direct-expansion  coils.  Brine  is  taken  from  a 
catch  pan  under  these  coils  and  is  pumped  over  them.     The 
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air  to  be  cooled  is  forced  by  means  of  a  blower  through 
these  coils  and  leaves  any  moisture,  together  with  any 
impurities,  that  it  may  contain  in  the  brine.  The  arrange- 
ment is,  in  fact,  the  reverse  of  the  atmospheric  condenser, 
the  air  being  cooled  instead  pf  heated,  and  brine  taking  the 
place  of  water.  It  is  claimed  for  this  system  that  it  not  only 
gives  very  dry  air,  but  also  that  the  brine  absorbs  any 
odors  that  air  may  be  infected  with.  The  air  leaves  the 
coils  entirely  free  from  any  impurities — in  fact  so  much  so 
that  eggs  and  lemons  can  be  stored  on  the  same  system  of 
air  circulation.  The  principal  objections  to  this  system  are 
the  rapid  corrosion  of  the  pipes  and  the  necessity  of  con- 
tinually strengthening  the  brine  charge.  This  is  necessary, 
since  the  moisture  that  is  abstracted  from  the  atmosphere 
weakens  the  brine,  and'  an  addition  of  salt  is  necessary  to 
keep  it  from  freezing  on  the  coils.  The  operation  of  this 
system  is  about  as  expensive  as  that  of  the  ordinary  brine- 
tank  circulation. 


TESTS  OF  REFRIGERATING-MACHINES. 


GENERAL    REMARKS. 

1451.  The  primary  object  of  a  test  of  a  refrigerating- 
machine  is  the  determination  of  its  efficiency — that  is,  the 
ratio  of  the  refrigerating  or  ice-melting  capacity  to  the  fuel 
consumed.  The  test  involves,  therefore,  the  accurate  deter- 
mination of  three  principal  data:  (1)  The  capacity  of  the 
machine.  (2)  The  heat  given  up  to  the  condensing  water. 
{',])  The  power  consumed  by  the  machine. 

1452.  An  exact  determination  of  the  ice-melting  ca- 
pacity can  not  be  made  unless  the  machine  is  made  to 
cool  a  liquid  during  the  test.  This  restriction  presents  no 
difficulty  in  the  case  of  machines  working  with  the  brine 
system,  since  the  cooling  of  the  brine  is  actually  the  work 
which  the  machine  does.     In  direct-expansion  machines,  the 
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capacity  must  be  calculated  from  the  weight  and  tempera- 
ture of  the  ammonia  circulated,  though  such  a  determination 
can  not  be  considered  accurate. 

The  heat  given  up  to  the  condenser  can  readily  be  deter- 
mined by  weighing  the  condensing  water  and  observing  the 
temperatures  at  the  inlet  and  outlet.  For  testing  purposes, 
the  condenser  should  be  of  the  submerged  type. 

The  work  of  compression  may  be  determined  by  taking 
indicator-diagrams  from  the  ammonia  cylinder.  Since, 
however,  the  work  thus  obtained  would  not  include  the 
work  spent  in  overcoming  the  friction  of  the  machine,  it  is 
not  customary  to  base  the  consumption  on  the  work  of 
compression.  In  most  compression  machines,  the  engine 
and  compressor  are  coupled  together.  The  work  shown  by 
indicator-diagrams  taken  from  the  steam  cylinder  will 
include  the  work  of  compression  and  the  friction  both  of 
compressor  and  engine.  To  determine  the  actual  consump- 
tion of  work  by  the  refrigerating-machine,  the  work  of  the 
engine  running  empty  may  be  determined  by  means  of 
the  indicator,  and  this  subtracted  from  the  total  work  of 
the  steam  cylinders  will  give  the  net  work  delivered  to  the 
machine. 

In  the  case  of  absorption  machines,  the  steam  fed  to  the 
generator  is  measured,  and  furnishes  a  basis  for  comparison. 

1453.  Heat  Balance. — The  accuracy  of  the  results 
of  any  test  of  a  refrigerating-machine  may  be  checked  by 
forming  a  balance  between  the  heat  received  and  given  up 
by  the  machine.  It  is  clear  that,  on  the  whole,  the  heat 
received,  including  the  heat  equivalent  of  the  work  con- 
sumed, must  be  exactly  equal  to  the  heat  rejected.  In  the 
case  of  the  compression  machine,  the  heat  received  from 
the  brine  or  cold  room  is  (2, »  the  heat  equivalent  of  the 

IV  /       IV\ 
work  of  the  compressor  is  -y  I  =  ^^t,)^  and  the  heat  given 

to  the  condenser  is  Q^.  These  three  quantities  are  measured 
directly,  the  work  W  in  24  hours  being  obtained  from  the 
indicator-diagrams   taken  from  the   compressor.      Were  it 
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not  for  losses  due  to  radiation,  convection,  etc.,  the  observed 
quantities  should  satisfy  the  relation 

(2.  +  ^  =  (2.. 

If,  however,  we  denote  by  Q^  thq  total  loss  due  to  all  causes, 

the  heat  balance  is 

•   W 

In  a  carefully  conducted  test,  the  difference  between  the 
two  members  of  this  equation  should  be  small.  A  large  dis- 
crepancy indicates  either  some  error  in  observation  or  gross 
inaccuracies  in  the  apparatus  or  in  the  method  of  con- 
ducting the  test. 


TEST  OF  COMPRESSION   MACHINE. 


CAPACITY  OF   DIRECT-EXPANSION    SYSTEM. 

1 454.  As  stated  in  Art.  1 452,  an  accurate  determina- 
tion of  the  quantity  of  refrigeration  produced  by  a  direct- 
expansion  system  is  not  possible,  and  it  is  necessary  to 
resort  to  calculation  to  obtain  an  approximate  result.  From 
formula  123,  the  refrigeration  in  24  hours  expressed  in 
tons  of  ice  is  F=z  .00505  n  M  \r^--  {t^  --  ^a)],  and  the  weight 

C 
M  of  ammonia  circulated  per  stroke  is  J/  =  —  =  6'  w^  where 

C  denotes  the  volume  of  the  compressor  cylinder  in  cubic 
feet,  V  the  volume  of  a  pound  of  ammonia  vapor  at  the 
pressure  in  expansion  coil,  and  w  the  weight  of  a  cubic 
fool  of  the  vapor  at  the  same  pressure.  Substituting,  we 
have 

/^=  .00505  nCw\r^^  (4-0]-  (126.) 

The  factor  n  is  the  number  of  compression  strokes  per 
minute ;  in  single-acting  compressors  n  will  be  equal  to  the 
number  of  revolutions  per  minute,  and  in  double-acting 
machines  to  double  that  number.     This  formula  gives  the 
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theoretical  tonnage  of  the  machine.  To  allow  for  such 
losses  as  clearance  and  cylinder  superheating,  deduct  25  per 
cent,  from  the  result  in  case  of  a  single-acting  machine  and 
30  per  cent,  for  a  double-acting  machine. 

To  obtain  a  rough  approximation  to  the  capacity,  the 
following  rule  of  thumb  is  sometimes  used :  With  a  suction 
pressure  of  15  pounds,  gauge,  and  a  head  pressure  of  150 
pounds,  a  well-made  single-acting  compressor  with  small 
clearance  spaces  gives  an  ice-melting  effect  of  one  ton  for 
4|  cubic  feet  of  piston  displacement  per  minute.  With 
double-acting  compressors,  allow  5  to  6  cubic  feet  per  minute 
for  each  ton. 

Example. — A  single-acting  compressor  having  two  cylinders  with 
12-inch  bore  and  30-inch  stroke  is  running  at  60  revolutions  per  minute. 
The  head  pressure  is  150  pounds  and  the  back  pressure  15  pounds. 
What  capacity  is  the  compressor  developing?  What  would  be  the 
capacity  of  a  single-cylinder  double-acting  compressor  under  the  same 
conditions  ? 

Solution. — Referring  to  the  table  of  the  properties  of  ammonia, 
it  is  seen  that  /« ,  the  temperature  in  the  expansion  coil,  is  slightly  below 
0^  F.,  and  the  temperature  /c,  corresponding  to  the  head  pressure,  is 
slightly  below  85^"  F.  It  will  be  sufficiently  exact  to  take  these  tempera- 
tures. The  latent  heat  r,  corresponding  to  0°,  is  555.5  B.  T.  U.,  and 
the  weight  of  a  cubic  foot  of  ammonia  vapor  at  0°  F.  is  .1109  pound. 
The  volume  of  the  compressor  cylinder  in  cubic  feet  is  .7854  X  1*  X  2J 
=  1.9635.    Substituting  in  formula  1 26,  the  capacity  for  one  cylinder  is 

F=  .00505  X  60  X  1.9635  X  .1109  X  [555.5  -  (85  -  0)]  =  31.04. 

For  both  cylinders  the  theoretical  capacity  is  62.08  tons,  and  deduct- 
ing 25  per  cent.,  the  approximate  actual  capacity  is  62.08  tons  X  .75 
=  46.56  tons.     Ans. 

Evidently  the  theoretical  capacity  of  the  double-acting  single-cylin- 
der compressor  would  also  be  62.08  tons;  the  probable  actual  capacity. 
deducting  30  per  cent.,  is  62.08  tons  x  .70  =  43.46  tons.     Ans. 

1455.     Direct   Measurement  of  Ammonia. — The 

formula  for  capacity  applies  to  compressors  working  under 
the  most  favorable  conditions,  with  small  clearance  losses 
and  no  leak  about  valves  or  pistons.  The  cylinder  super- 
heating is  based  upon  a  suction  pressure  of  15  pounds  and  a 
back  pressure  of  150  pounds.  This  loss  is  found  in  case  of 
wet  or  dry  compression  or  oil  injection,  the  exact  percentage 
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differing  with  make  of  machine.  To  make  even  an  ap- 
proximately exact  test  upon  a  compression  machine  run- 
ning with  a  direct-expansion  system,  it  is  necessary  to 
measure  directly  the  quantity  of  ammonia  circulated  by 
means  of  an  ammonia  meter  in  the  feed  line,  between  the 
receiver  of  the  condenser  and  the  expansion-valve. 

The  meter  should  be  calibrated  in  cubic  feet  by  means  of 
water  before  being  placed  in  the  feed  line,  care  being  taken 
to  thoroughly  eliminate  any  remaining  water  before  the 
meter  is  connected  up.  The  weight  in  pounds  per  cubic 
foot  of  the  liquid  anhydrous  ammonia  for  any  required  head 
pressure  is  given  in  the  table  of  Properties  of  Saturated 
Ammonia. 

Let  P  denote  the  weight  in  pounds  of  anhydrous  ammonia 
passed  through  the  meter  in  one  hour.  Then  the  heat 
absorbed  by  the  ammonia  per  hour  is  P  [r  —  (/^  — •  /„)] 
B.  T.  U.  and  the  capacity  in  tons  per  24  hours  is 

Example. — If  an  ammonia  meter  shows  a  delivery  of  25  cubic  feet 
of  liquid  anhydrous  ammonia  per  hour,  the  machine  running  with  a 
back  pressure  of  lo  pounds  and  a  head  pressure  of  150  pounds,  what 
is  the.  actual  capacity  of  the  machine  ? 

Solution. — Taking  the  temperatures  /„  and  /o  at  0^  and  85^,  as  in 

the  solution  of  the  example  of  Art.  1454,  the  volume  of  a  pound  of 

liquid  at  the  given  head  pressure  is  .0273  cubic  foot;  therefore,  25  cubic 

25 
feet  will  weigh  -^,^  lb.  =  916  lb.     The  latent  heat  r  is  555.5  B.  T.  U. ; 

hence,  substituting  in  formula  127, 

r=  .000084  X  916  X  [555.5  -  (85  -  0)]  =  36.2  tons. 


CAPACITY  OF    BRINB   SYSTBMI. 

1456.  When  the  refrigerating-machine  is  used  to  cool 
a  liquid — as,  for  example,  brine — the  quantity  of  refrigera- 
tion produced  can  be  determined  by  direct  observation.  If 
we  denote  by  G  the  weight  of  brine  circulated  in  a  given 
time,  by  s  the  specific  heat  of  the  brine,  and  by  t^  and  /„ 
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respectively,  the  temperatures  of  the  brine  at  the  outlet  and 
inlet,  then,  according  to  formula  72,  Heat^  the  heat  given 
up  by  the  brine  in  the  given  time  is 

,      Gs(t^^  t^  B.  T.  U! 

The  heat  given  up  in  24  hours  is  readily  calculated,  and 
from  this  the  capacity  in  tons  follows  at  once. 

Illustration. — In  one  of  Prof.  Denton's  tests  previously  men- 
tioned, the  average  temperature  at  the  brine  inlet  was  36. 76"*  P.,  that 
at  the  outlet  was  28.86*  P.,  the  specific  heat  of  the  brine  was  .82,  and 
the  weight  of  brine  circulated  per  minute  was  2,281  pounds.  The  heat 
given  by  the  brine  to  the  ammonia  per  minute  was,  therefore, 

2,281  X  .82  X  (36.76  -  28.86)  =  14,776  B.  T.  U. 

1457.  Arrangement  for  Test. — Fig.  339  shows  the 
general  arrangement  for  making  a  capacity  test  on  ma- 
chines of  any  type  that  use  brine   as   a   carrier  of  cold. 


Fig.  889. 


The  brine  tank  is  shown  at  A^  the  brine-pump  at  -P,  the 
brine  meter  at  B^  and  at  C  the  coils  in  the  cooling  rooms.  A 
tee  should  be  placed  in  the  delivery  line  between  the  brine 
meter  and  coils  C,  and  cocks  or  valves  should  be   placed  on 
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each  side  of  this  tee.  These  cocks  are  denoted  by  Fand  V, 
A  pressure  gauge  G  indicates  the  pressure  of  the  brine.  A 
tank  or  large  barrel  M  is  placed  on  the  scale  5,  and  is  so 
arranged  that  the  pipe  from  V  leads  to  it.  A  thermometer 
T^  is  placed  in  the  brine  line  returning  to  the  tank,  and 
another  7\  is  placed  in  the  pump-suction  line  leaving  the 
tank. 

1458.     Tbermonieters    and     Mercury     Wells. — 

Thermometers  used  in  making  tests  on  refrigerating  work 

should  be  very  accurate; 

they  should  be  graduated 

to  tenths  of  a  degree,  so 

that  they  can   be  read  to 

hundredths  of    a    degree. 

Iron  sockets,  as  shown  in 

Fig.   340,  having  a  f-inch 

pipe  thread   near   the  top,    should   be  placed   in   the   pipe 

wherever  temperatures  are  required.     The  socket  is  filled 

with  mercury  and  the  bulb  of  the  thermometer  is  placed  in 

it.     The  iron  around  the  socket  should  be  thin,  so  that  the 

heat  may  be  readily  transmitted.     The  socket  should  be  at 
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least  3  inches  long,  and  if  the  pipe  is  not  of  sufficient  diame- 
ter, larger  size  tees  with  outlets  bushed  should  be  provided 
to  receive  them.  Where  it  is  desirable  to  get  an  approxi- 
mate temperature,  portable  sockets  or  wells  made  of  wood 
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can  be  used  with  very   good  results.      Fig.    341  shows   a 
sketch  of  such  a  socket  for  vertical  pipes. 

1459.  Calibrating  the  Brine  Meter. — The  specific 
gravity  of  the  brine  should  be  determined  by  a  specific- 
gravity  hydrometer  at  62°  Fahrenheit.  The  corresponding 
specific  heat  for  brine  at  this  gravity  can  be  found  by  refer- 
ring to  Table  28  or  29,  according  to  the  kind  of  brine  used. 
There  now  remains  to  be  determined  the  number  of  pounds 
of  brine  that  the  meter  discharges  per  cubic  foot.  To  do 
this,  the  brine  is  circulated  through  and  the  reading  of  the 
pressure  gauge  C,  Fig.  339,  is  noted.  The  line  from  the 
valve  V  to  the  barrel  should  be  arranged  with  a  swinging 
joint,  so  that  it  can  be  swung  over  the  barrel  or  beyond  it 
at  will.  Stop  the  brine-pump,  close  the  valve  V,  and  swing 
the  pipe  beyond  the  barrel.  Start  the  brine-pump  and  open 
the  valve  V  until  the  gauge  G  shows  the  same  pressure  as 
in  regular  running.  Throw  the  pipe  into  the  barrel,  and  at 
the  same  instant  take  the  reading  of  the  meter  B,  When 
the  barrel  is  nearly  full  and  the  reading  of  the  meter  has 
come  to  an  even  number  of  cubic  feet,  throw  the  pipe  clear 
of  the  barrel  and  weigh  the  amount  of  brine  held  by  the  bar- 
rel. The  barrel  should  be  weighed  empty  before  the  test  is 
started.  The  difference  between  these  two  weighings  will 
give  the  weight  of  the  number  of  cubic  feet  of  brine  shown 
by  the  meter  reading.  For  example,  if  the  net  weight  of 
the  brine  is  73G  pounds  and  the  meter  reading  is  10  cubic 
feet,  73.  G  pounds  is  the  weight  of  1  cubic  foot  according  to 
the  meter.  Such  a  determination  does  away  with  the  neces- 
sity of  multiplying  the  meter  reading  by  the  specific  grav- 
ity of  the  brine,  and  also  detects  any  error  that  may  exist 
in  the  meter. 


DBTBRMINATION    OF    HEAT    REJECTED. 

1460.  The  procedure  adopted  in  measuring  the  heat 
rejected  by  the  ammonia  to  the  condenser  is  exactly  similar 
to  that  employed  in  measuring  the  heat  absorbed  from  the 
brine.    The  quantity  of  water  passing  through  the  condenser 
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IS  indicated  by  a  water-meter,  previously  calibrated.  The 
temperatures  of  the  water  at  the  entrance  and  at  exit  are 
measured  by  accurate  thermometers.  Evidently  the  prod- 
uct of  the  weight  of  water  passing  through  the  meter  in  a 
given  time  and  the  range  of  temperature  give  the  heat 
absorbed  in  that  time  in  B.  T.  U.  If  the  compressor  has  a 
water-jacket,  the  heat  delivered  to  the  water  of  the  jacket 
is  determined  in  a  similar  manner. 

Illustration. — In  Denton's  test,  quoted  in  a  preceding  paragraph, 
the  average  initial  temperature  of  the  condensing  water  was  44.65°  F., 
the  average  final  temperature  was  83. 66"*  P.,  and  the  quantity  circu- 
lating through  the  condenser  per  minute  was  2,281  pounds.  The 
average  temperature  of  the  water  entering  the  jackets  was  44.65%  that 
of  the  water  leaving  the  jackets  was  69°,  and  the  weight  passing 
through  the  jackets  per  minute  was  25  pounds.  The  heat  rejected  to 
the  condenser  per  minute  was 

2,281  X  (83.66  -  4465)  =  88,981.8  B.  T  U. 

The  heat  rejected  to  the  water  in  the  jackets  per  minute  was 

25  X  (69  -  44.65)  =  609  B.  T.  U. 


MBA8URBMBNT  OP  THB  liVORK  OF  COMPRBS8ION. 

1 461  •  The  work  of  compression  and  the  power  consumed 
by  the  compressor  are  determined  from  indicator-diagrams 
taken  from  the  compressor  cylinder.  All  the  directions  for 
taking  diagrams  given  in  Steam  and  Steam  Engines^  Arts. 
1259-1 261 9  apply  equally  well  to  refrigerating-machines. 

For  ammonia  work,  it  is  preferable  to  use  a  special  indi- 
cator, the  working  parts  of  which  are  made  of  steel  instead 
of  brass.  Ammonia  has  no  effect  on  steel,  but  rapidly  cor- 
rodes brass.  In  case  it  is  not  possible  to  procure  an  ammonia 
indicator,  an  ordinary  steam  indicator  will  answer  the  pur- 
pose, provided  the  piston  is  removed  after  every  series  of 
cards  is  taken  and  both  cylinder  and  piston  are  wiped  dry 
and  well  covered  with  oil.  This  will  prevent  the  ammonia 
gas  from  attacking  the  portions  of  the  indicator  made  of 
brass. 

In  the  case  of  a  vertical,  single-acting  compressor,  the  indi- 
cator pipe  is  screwed  into  the  upper  head  of  the  cylinder. 
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If  the  compressor  is  double-acting,  it  is  of  course  preferable 
to  use  two  indicators,  one  at  each  end  of  the  cylinder;  but 
if  only  one  indicator  is  at  hand,  the  pipes  from  the  two  ends 
may  be  joined  by  a  three-way  cock,  as  shown  in  Art.  1259^ 
Steam  arid  Steam  Engines. 

If  the  condensing  pressure  is  below  150  pounds,  a  100- 
pound  spring  will  do  the  work;  if  above  that  pressure,  a 
125-pound  spring  should  be  used. 

The  diagrams  may  be  worked  up  as  explained  in  Steam 
and  Steam  Engines,  Arts.  1 265  to  1 268*  Having  ob- 
tained the  mean  effective  pressure  /*,  the  indicated  horse- 
power  is  given  by  the  formula 

I  H  P  ^IM^. 

33,000  ' 

the  work  per  minute  in  foot-pounds  is  expressed  by  the 
product  PL  A  N;  the  work  in  24  hours  in  foot-pounds  is 

fF=24  X  60  X  PL  A  N  =  l.UO  PL  A  N, 

and  the  heat  equivalent  of  this  work  is 

W^  IV  ^IMO  PL  AN 

J       778  778  ^-  -^-  '^• 

The  factor  N  in  the  preceding  formulas  denotes  the  number 
of  compression  strokes  per  minute;  in  the  case  of  single- 
acting  compressors,  N  is  equal  to  the  number  of  revolutions 
per  minute,  and  in  the  case  of  the  double-acting  compressors, 
it  is  double  that  number. 

1462*     Examples    of  Indicator-Diasrams.  —  The 

diagrams  shown  in  Figs.  326  and  327  are  excellent  examples 
of  indicator-diagrams  for  a  compressor  having  very  small 
clearance  spaces.  It  will  be  noticed  that,  though  there  is 
some  clearance  space,  the  heel  of  the  diagram  is  very  sharp, 
there  being  no  curve  similar  to  the  compression  curve  on  a. 
steam-engine  diagram.  This  is  due  to  the  fact  that  the 
ammonia  gas  in  the  clearance  space  is  cooled  sufficiently  by 
the  water-jacket  to  drop  to  the  suction  pressure  by  its  own 
contraction,    due  to   the   loss  in  temperature,   before   the 
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piston  has  receded  any  appreciable  amount.  The  pressure  at 
the  end  of  compression  shows  that  the  compressor  is  obliged 
to  compress  the  gas  a  little  above  the  condenser  pressure 
before  the  valve  opens ;  the  same  is  true  in  the  case  of  the 
suction-valve,  as  the  heel  of  the  card  falls  below  the  suction 
pressure  for  a  short  distance  until  the  suction-valve  opens. 


8CHBDULB  OP  TEST. 

1463*  In  making  a  complete  efficiency  test  of  a  com- 
pression refrigerating-machine,  the  data  and  results  con- 
tained in  the  items  of  the  following  schedule  should  be 
obtained.  In  making  a  capacity  test  only,  the  items 
marked  *  need  not  be  observed. 

GsNERALr  Data. 

1.  Date. 

2.  Duration  of  test. 

3.  Name  of  machine. 

4.  Class  of  machine. 

5.  Nominal  capacity  of  machine. 

6.  Diameter  of  steam  cylinder. 

7.  Stroke  of  steam  cylinder. 

8.  Diameter  of  ammonia  cylinder. 

9.  Stroke  of  ammonia  cylinder. 

10.  Diameter  of  brine-pump,  steam  end. 

11.  Diameter  of  brine-pump,  brine  end. 

12.  Stroke  of  brine-pump. 


Observations. 

13.  Average  high  ammonia  pressure,  gauge. 

14.  Average  back  ammonia  pressurp,  gauge. 

15.  Average  temperature  of  the  brine  inlet. 

16.  Average  temperature  of  the  brine  outlet. 

17.  Average  range  of  temperature  of  brine. 

18.  Weight  of  brine  circulated  per  minute. 

*19.  Average  temperature  of  condensing  water  at  inlet. 

*20.  Average  temperature  of  condensing  water  at  outlet. 
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*21.  Average  range  of  temperature  of  condensing  water. 

*22.  Weight  of  water  circulated  per  minute  through 
condenser. 

*23.  Weight  of  water  circulated  per  minute  through 
jackets. 

*24.  Average  temperature  of  water  entering  jackets. 

*25.  Average  temperature  of  water  leaving  jackets. 

*2G.  Average  range  of  temperature  in  jackets. 

27.  Average  temperature  in  engine  room.  • 

28.  Specific  gravity  of  brine. 

29.  Specific  heat  of  brine. 

30.  P.evolutions  per  minute. 

*31.  Mean  effective  pressure,  steam  cylinder. 

*32.  Mean  effective  pressure,  ammonia  cylinder. 


Results. 

*33.  Average  horsepower  of  steam  cylinder. 

*34.  Average  horsepower  of  ammonia  cylinder. 

*35.  Average  friction  horsepower. 

*3G.  Friction  horsepower   in  per  cent,   of  steam  horse- 
power. 

♦37.  Condensing  water,  gallons  per  minute  per  ton. 

38.  Ice-melting  capacity,  tons  per  twenty-four  hours. 

*39.  Refrigerating  effect,  pounds  of  ice  per  pound  of  coal. 


Heat   Balance. 

40.  Heat  given  to  ammonia  by  brine  per  minute,  B.  T.  U. 

41.  Heat  given  to  ammonia  by  compressor  per  minute, 
B.  T.  U. 

42.  Total  heat  received  by  ammonia  per  minute,  B.T.U. 

43.  Heat  delivered  to  condenser  by  ammonia  per  minute, 
B.  T.  U. 

44.  Heat  delivered  to  jackets  by  ammonia  per  minute, 
B.  T.  U.     ' 

45.  Total  heat  rejected  by  ammonia  per  minute,  B.T.U. 
40.      DifTerence    between    heat    received    and     rejected, 

B.  T.  U. 
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CONDUCTING  AND   MTORKING   UP  THE  TEST. 

1 464*  Before  a  test  is  started,  the  plant  must  be  prop- 
erly arranged.  Meters  must  be  standardized,  thermometer 
sockets  must  be  placed,  and  accurate  low-temperature  ther- 
mometers must  be  obtained  and  compared  with  a  standard. 
For  accurate  determination  of  the  capacity,  the  test  should 
not  be  shorter  than  ten  hours,  while  official  tests  are  seldom 
shorter  than  twenty-four  hours,  and  are  often  continued 
for  several  days. 

The  frequency  of  the  observations  depends  somewhat 
upon  the  length  of  the  test  and  upon  the  uniformity  of  the 
conditions.  Brine  temperatures,  items  15  and  10,  should  be 
read  every  15  minutes;  all  temperatures  should  be  read  to 
tenths  of  a  degree,  and  closer  if  possible.  The  necessity  of 
this  will  be  easily  seen  when  one  considers  that  the  usual 
range  of  temperature  is  four  or  five  degrees  Fahrenheit, 
and  the  discrepancy  of  a  tenth  of  a  degree  would  mean 
from  two  to  three  per  cent,  variation  in  the  results. 

Readings  of  pressure  gauges  and  meters  may  be  made 
every  half  hour.  The  inital  and  final  readings  of  the  meters 
should  be  made  with  particular  care.  It  is  best  to  have  two 
persons  make  these  readings  where  possible.  Indicator- 
diagrams  should  be  taken  every  half  hour  or  hour. 

The  specific  gravity  of  the  brine,  item  28,  is  determined 
by  means  of  an  accurate  hydrometer;  the  specific  heat, 
item  29,  may  be  found  from  Table  28  or  Table  29,  accord- 
ing as  the  salt  or  calcium  chloride  brine  is  used. 

After  the  test  is  completed  and  the  observations  are 
recorded,  the  average  of  all  the  observations  on  each  item 
should  be  found,  and  the  items  included  under  **  Results  " 
should  be  calculated.  Items  33  and  34  are  obtained  by 
measuring  the  indicator-diagrams;  item  35  is  the  difference 
between  items  33  and  34,  and  item  36  is  obtained  by  divi- 
ding item  35  by  item  33.  To  find  item  38,  we  have  the 
equation 

-         ^^      item  18  X  item  17  X  item  29  X  60  X  24 
Item  38  = ^^^ . 

(See  Art.  1456.) 

Item  37  is  readily  obtained  from  items  22  and  38. 
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Items  40  to  46  can  readily  be  calculated  from  the  prin- 
ciples  already  explained.  Should  there  be  a  considerable 
discrepancy  between  items  42  and  45,  that  is,  should  item 
46  be  relatively  large,  this  fact  would  indicate  either  inac- 
curate apparatus  or  errors  in  the  observations. 


CALCULATION  OF  BFFICIBNCY. 

1465.  In  order  to  determine  the  commercial  efficiency 
of  a  refrigerating  plant,  it  is  necessary  to  make  a  capacity 
determination,  and  at  the  same  time  take  into  account  the 
amount  of  fuel  consumed  to  produce  the  work.  The  ratio 
between  these  quantities  will  give  the  efficiency  of  the 
plants  as  explained  in  Art.  1342 ;  but  it  will  not  determine 
the  efficiency  of  the  machme^  as  it  takes  into  account  all 
the  steam  consumed  by  the  auxiliaries,  such  as  the  water- 
pump,  brine-pump,  boiler-feed  pump,  etc.  To  determine 
the  efficiency  of  the  machine,  including  the  steam  engine, 
only  one  of  the  following  plans  may  be  adopted : 

1 466.  Approximate   Commercial    Efflciency.  — 

The  average  horsepower  of  the  steam  cylinder  is  deter- 
mined as  indicated  in  item  33,  and  the  fuel  consumption 
per  horsepower  is  judged  from  the  type  of  the  engine  and  the 
conditions  under  which  it  is  working.  The  consumption 
of  engines  ordinarily  used  to  drive  refrigerating-machines 
varies  from  2^  to  4  pounds  of  coal  per  horsepower  per 
hour,  the  lower  figure  applying  to  condensing  engines.  It 
is  quite  customary  to  assume  a  consumption  of  3  pounds 
per  horsepower.  Using  this  figure,  we  have  the  following 
formula: 

^ -c  •  I'.       oox      Item  18  X  item  17  X  item  29  X  60 

Efficiency  (item  39)  = v- — r rTTr-r? • 

^  ^  '  item  33  X  3  X  142.65 

Example.— In  an  actual  test,  the  following  data  were  recorded  : 

Brine  circulated  per  minute 1,030  pounds. 

Average  range  of  brine  temperature 8.62'. 

Specific  heat  of  brine 78. 

Average  horsepower  of  steam  cylinder    61.79. 

Assuming  a  fuel  consumption  of  3  pounds  of  coal  per  horsepower 
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per  hour,  find  the  efficiency  of  the  combined  refrigerating-machine 
and  steam  engine,  expressed  in  pounds  of  ice  melted  per  pound  of  coaL 

Solution. — 

Heat  abstracted  per  hour  =  1,030  X  8.62  X  .78  X  60  B.  T.  U. 


Ice  melted  per  hour 


1.030X8.62X.78X60 


142.65 

Coal  used  per  hour  =  61.79  X  8  pounds. 
1.030  X  8.62  X  .78  X  60 


pounds. 


Ice  melted  per  pound  of  coal  =   '  ^^^^  ^  ^  ^  ^^^ 


;  16.71  pounds. 
Ans. 


1467.     Direct  Measurement  of  Steam  and  Fuel. 

— The  result  obtained  by  assuming  the  coal  consumption  for 
the  engine  can  only  be  approximate,  and  a  comparison 
between  two  machines  based  upon  such  an  assumption 
might  easily  be  unfair  to  one  or  the  other  of  them. 

In  order  to  make  an  accurate  efficiency  test  on  any  par- 
ticular plant,  the  exhaust  of  the  compressor  engine  should 


B>m 


PlO.842. 


be  condensed  and  weighed.  To  do  this,  an  arrangement 
similar  to  the  one  shown  in  Fig.  342  will  be  found  conve- 
nient, yl  is  a  steam  condenser  of  any  convenient  form, 
and  B  and  B*  are  barrels  placed  upon  the  scales  S  and  S\ 
The  outlet  from  the  condenser  A  is  provided  with  a  pipe 
having  a  swinging  joint  Z>,  so  that  it  can  be  readily  shifted 
from  one  barrel  to  the  other.     Before  the  test,  the  barrels 
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should  be  filled  with  warm  water,  so  that  they  will  absorb 
all  moisture  possible,  and  then  should  be  weighed  empty. 
When  the  test  is  started,  the  water  is  allowed  to  enter  the 
barrel  B  until  that  barrel  is  full.  The  pipe  D  is  then 
quickly  swung  to  barrel  B\  and  while  that  is  filling,  barrel 
B  is  weighed.  The  barrels  are  thus  alternately  filled, 
weighed,  and  emptied,  until  the  end  of  the  test.  The  total 
amount  of  water  condensed  and  weighed  in  the  barrels  is 
calculated,  and  if  the  test  is  for  a  shorter  time  than  twenty- 
four  hours,  the  proportionate  amount  for  the  full  twenty- 
four  hours  is  estimated.  The  weight  of  water  used  in 
twenty-four  hours  divided  by  the  capacity  in  tons  gives  the 
weight  of  steam  consumed  per  ton  of  refrigerating  effect 
per  twenty-four  hours.  If  a  boiler  test  is  carried  on  at  the 
same  time  that  the  refrigerating-machine  is  being  tested, 
the  evaporation  of  the  boilers  can  be  determined.  The 
total  amount  of  steam  used  in  twenty-four  hours  divided  by 
the  weight  of  coal  required  to  evaporate  a  pound  of  water 
will  give  the  number  of  pounds  of  coal  required  to  operate 
the  refrigerating-machine  for  that  space  of  time.  The 
efficiency  in  pounds  of  ice  per  pound  of  coal  can  then  readily 
be  calculated. 

1468*  Poiver  Plants. — Plants  run  by  belt  or  water- 
power  can  best  be  tested  by  indicating  the  ammonia  cylin- 
der and  estimating  from  the  resulting  cards  the  horsepower 
required  to  operate  the  plant.  From  this,  the  capacity  per 
horsepower  expended  can  be  easily  estimated.  An  allow- 
ance of  at  least  10  per  cent,  may  be  made  for  the  friction  of 
the  machine. 


TEST  OF  ABSORPTION  MACHINE. 
1469*  As  there  are  very  few  absorption  machines  on 
the  market  that  make  perfectly  anhydrous  ammonia,  the 
only  satisfactory  way  to  make  a  test  on  machines  of  this 
class  is  by  means  of  brine  circulation.  The  arrangement 
of  the  connections  will  be  the  same  as  for  the  compression 
machine,  and  the  data  required  and  the  method  of  calculation 
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are  the  same  for  both  systems.  In  case  an  absorption 
machine  is  used  in  connection  with  direct  expansion,  and  it 
is  not  possible  to  make  a  thermal-heat  test,  one  of  the  fol- 
lowing methods  may  be  used  for  the  purpose  of  establishing 
approximate  results. 

1470.     Measurins   the  Anhydrous  Ammonia*  — 

The  anhydrous  ammonia  may  be  measured  by  a  meter  in  a 
manner  similar  to  that  described  in  Art.  1455,  but  samples 
of  this  ammonia  should  be  frequently  drawn  off  and  tested 
by  allowing  the  sample  to  evaporate  in  a  flask,  as  described 
in  Art.  1364*  If  any  moisture  is  found,  the  test  will  be 
of  little  value,  as  such  a  small  quantity  as  5  per  cent,  of 
entrained  moisture  will  cut  down  the  efficiency  of  the 
machine  20  per  cent,  and  the  capacity  10  per  cent. 

1471  •  Measuring  the  Pump  Delivery. — The  other 
method  consists  in  measuring  the  pump  delivery.  If,  how- 
ever, it  is  not  convenient  to  provide  an  ammonia  meter,  the 
ammonia-pump  strokes  can  be  counted,  and  the  amount  of 
•  ammonia  actually  discharged  can  thus  be  estimated. 

Before  starting  this  test,  see  that  the  packing-rings  in  the 
ammonia  end  of  the  pump  are  tight,  so  that  there  is  no 
leakage  from  one  side  of  the  pump  to  the  other;  also  that 
all  the  valves  are  seated  and  tight  on  their  seats.  The 
exact  stroke  of  the  pump  should  then  be  taken  every  few 
minutes,  while  the  pump  is  in  operation,  so  as  to  see  if  there 
is  any  variation,  which  is  often  the  case  with  steam-pumps. 
After  the  exact  length  of  stroke  has  been  determined,  the 
cubical  contents  of  the  pump  can  readily  be  computed.  A 
revolution  counter  should  then  be  attached  to  the  piston 
rod  so  as  to  record  the  number  of  displacements  made  by 
the  pump  during  the  test. 

1472.  A  general  arrangement  of  the  plant  is  shown 
in  Fig.  343,  in  which  A  is  the  absorber  of  the  machine  to 
be  tested  and  B  is  the  strong-liquor  receiver  connected 
with  the  ammonia  pump  P  by  the  pipe  S,  A  tee  is  pro- 
vided in  this  pipe,  the  opening  of  which  rs  controlled  by 
the  valve  C,     The  outlet  of  this  valve  is  connected  with 
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a  small  coil  D  immersed  in  a  pail  of  ice-water  E.  If  the 
pump  suction  5  is  very  warm,  a  sample  drawn  out  of  E 
will  be  cooled  in  passing  through  the  coil  D.  It  is  neces- 
sary to  cool  this  sample  so  that  the  strong  liquor  in  the 
absorber  under  several  pounds  pressure  will  not  lose  any 
of  the  gas  when  reduced  to  atmospheric  pressure.  If  the 
liquor  is  chilled  some  15°  or  20°,  it  will  retain  this  gas, 
whereas  if   the  sample  be   drawn  out  at  the  temperature 


Fig.  »43. 
of  the  absorber,  the  gas  will  leave  the  liquid  as  it  is  being 
drawn  out,  and  the  sample  thus  obtained  will  be  much 
weaker  than  the  liquor  in  the  absorber.  The  same  is  true 
with  the  weak-liquor  line  Wy  which  is  also  arranged  with  a 
pipe  coil  having  an  outlet  H,  In  drawing  samples  from 
either  of  these  two  sources,  care  should  be  taken  that  all 
the  liquor  left  in  the  coil  should  first  be  run  out  before  a 
new  sample  is  taken. 
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1473.  In  making  hydrometer  readings,  the  following 
points  should  be  observed:  In  filling  the  hydrometer  jar, 
let  the  inlet  pipe  D  or  H  enter  the  jar  so  that  it  nearly 
touches  the  bottom.  This  will  prevent  any  foaming  or 
escape  of  gas  from  that  cause.  When  the  jar  is  full,  let  a 
little  of  the  liquid  run  over  the  edge  for  the  purpose  of 
removing  any  foam,  air-bubbles,  etc. ,  from  its  surface.  The 
hydrometer  is  then  carefully  lowered  and  a  reading  is  taken. 
Depress  the  hydrometer  half  an  inch  or  an  inch  after  ma- 
king the  first  reading,  and  then  allow  it  to  rise.  Then  make 
another  reading,  and  the  mean  of  these  two  readings  should 
be  the  correct  reading  of  the  liquid.  The  object  of  the  dou- 
ble reading  is  to  eliminate  the  effect  of  capillary  attraction. 

The  temperature  of  the  liquid  should  be  taken  at  the  time 
of  the  hydrometer  reading,and  a  correction  should  be  made 
as  follows:  If  the  temperature  of  the  liquid  is  above  55°  F., 
1  degree  Beaum6  should  be  deducted  for  every  17°  above, 
and  if  the  liquid  is  colder  than  55°,  1  degree  Beaum6 
should  be  added  for  every  17°  below  55°. 

If  the  machine  is  running  with  a  comparatively  steady 
load,  samples  of  liquid  should  be  taken  from  the  strong  and 
weak  liquor  lines  every  15  minutes;  their  specific  gravities 
should  be  determined,  and  at  the  end  of  the  test  the  average 
gravity  of  each  of  the  two  liquors  should  be  computed. 
Table  27  should  then  be  consulted  to  determine  the  per  cent, 
of  ammonia  in  both  the  strong  and  the  weak  liquor.  The 
difference  between  these  readings  will  give  the  per  cent. 
by  weight  of  ammonia  in  each  pound  of  strong  liquor 
pumped.  This  per  cent,  of  ammonia  multiplied  by  the 
total  weight  of  strong  liquor  pumped  in  an  hour  will  give 
the  weight  of  anhydrous  ammonia  circulated  through  the 
system  in  that  time.  Formula  127  can  then  be  used  for 
determining  the  capacity.  In  making  the  test,  it  is  as- 
sumed that  the  machine  is  making  anhydrous  ammonia  and 
that  there  is  no  entrained  moisture. 

1474*     Economy  of  the  Absorption   Machine. — 

Having  measured  the  capacity  of  the  absorption  machine. 
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preferably  by  brine  circulation,  the  efficiency  or  economy  of 
the  system  remains  to  be  determined.  We  have  in  this  case 
two  sources  of  steam  consumption,  namely,  the  generator 
and  the  ammonia-circulating  pump.  The  consumption  of 
the  latter,  in  case  it  is  a  steam-pump,  can  be  determined  by  an 
arrangement  similar  to  that  used  in  connection  with  the 
steam  engine  of  the  compression  machine,  and  shown  in 
Fig.  342.  If,  however,  the  pump  is  driven  by  an  engine  that 
also  does  other  work,  the  best  way  to  determine  its  steam 
consumption  is  as  follows:  Indicate  the  engine  with  the 
pump  running  when  it  is  doing  normal  work,  and  indicate  it 
again  under  the  same  conditions,  but  with  the  ammonia 
pump  disconnected.  Compute  the  horsepower  from  each 
set  of  diagrams;  the  difference  between  the  two  will  give 
the  power  necessary  to  drive  the  ammonia  pump.  From  this 
the  steam  consumption  can  be  estimated  more  or  less  closely 
from  the  class  of  engine  which  drives  the  pump. 

To  ascertain  the  amount  of  steam  taken  by  the  generator, 
the  arrangement  shown  in  Fig.  344  may  be  adopted.     The 


Fig.  W4. 

generator  coils  are  connected  by  a  pipe  O  to  the  receiver-^, 
which  is  supplied  with  the  gauge-glass  G,  The  bottom  of  A 
is  connected  with  a  cooling  coil  C  by  a  pipe  P,  in  which  is 
placed  a  valve  V.  The  outlet  D  of  this  coil  is  arranged  to 
swing  over  the  barrels  B  and  />',  which  are  placed  on  scales. 
The  condensed  steam  entering  A  can  be  seen  in  the  glass  G. 
This  is  kept  at  a  constant  level  by  means  of  the  valve  F, 
so  that  only  the  amount  of  steam  used  in  the  generator  will 
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pass  into  the  coil  T,  and  from  there  into  the  barrels  -ff  and  B\ 
The  barrels  are  then  manipulated  as  explained  in  Art.  1459 
in  connection  with  the  compression  machine.  The  weight 
of  steam  consumed  being  known,  the  calculation  for  effi- 
ciency proceeds  as  explained  in  Art.  1467. 

1475.  Heat  Balance.  —  The,  various  quantities  of 
heat  with  which  we  are  concerned  in  the  test  of  an  absorp- 
tion machine  are  the  following:  (1)  The  heat  given  up  to 
the  condensing  water  by  the  condenser,  absorber,  rectifier, 
and  weak-liquor  cooler;  let  this  heat  be  denoted  by  (2c- 
(2)  The  heat  absorbed  in  the  generator,  Q^.  (3)  The  heat 
abstracted  from  the  brine,  Q^,  (4)  The  heat  equivalent  of 
the  work  of  the  pump,  which  may  be  denoted  by  2p- 

To  determine  the  quantity  Q^  it  is  necessary  to  measure 
the  weight  of  condensing  water  flowing  per  minute  or  per 
hour  and  the  temperature  range.  (Items  17  and  18,  Sched- 
ule of  Test.)     The  heat  Qg  may  be  determined  as  follows: 

Let  S  =  weight  of  steam  passing  through  the  condenser 
per  minute; 
L  =  latent  heat  of  steam  at  given  pressure; 
/,  =  temperature  of  steam  at  given  pressure; 
/,  =  temperature  of  water  leaving  generator. 

In  changing  to  water,  each  pound  of  steam  gives  up 
L  B.T.U.  and  the  water  gives  up  in  addition  /,—  t^  B.T.U. 
in  passing  from  the  temperature  /,  to  /,  (assuming,  as  is 
customary,  that  the  specific  heat  of  water  is  1). 

Therefore, 

(2,  =  5(Z  +  /,-/,).  (128.) 

The  heat  Q^  is  determined  as  in  the  test  of  the  compres- 
sion machine,  and  the  heat  Q^  is  found  from  the  pump 
indicator-diagrams. 

The  total  heat  given  to  the  machine  is  evidently 
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and  Qo  is  the  heat  delivered  by  the  machine  to  the  condens- 
ing water;  hence  we  have 

Qc^Qo+Qi>+Qp' 

In  practice,   Q^  is  so  small  that  it  may  be  neglected  in 
forming  the  heat  balance,  and  the  equation  becomes 
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INSTALLATION  AND  MANAGEMENT  OF 
REFRIGERATING-MACHINES. 


COMPRESSION    MACHINE. 


BRBCTION. 

1476«  Foundations. — The  foundation  for  the  com. 
pression  machine  consists  of  a  regular  engine  foundation  for 
the  compressor,  engine,  and  pump,  and  the  necessary  floor 
for  the  condenser,  on  which  is  placed  the  catch  pan,  if  the 
condenser  is  of  the  atmospheric  type.  In  the  case  of  a  sub- 
merged condenser,  a  stone  foundation  or  brick  piers  should 
be  provided.  For  brine  circulation,  the  brine  tank  should 
also  be  set  upon  a  strong  brick  or  stone  foundation.  The 
footing  course  of  the  engine  or  compressor  foundation  should 
be  of  large  stones  or  of  a  grout  foundation  well  tamped. 
The  upper  courses  of  the  foundation  may  be  of  either  concrete 
or  stone,  the  latter  being  preferable.  In  setting  the  founda- 
tion bolts,  it  is  well  to  set  them  in  1^  or  2  inch  wrought-iron 
pipe,  which  gives  a  limited  play  to  the  foundation  bolt  and 
allows  it  to  enter  the  base  of  the  engine  or  compressor  more 
readily,  particularly  if  the  template  is  not  true.  Care 
should  be  taken  to  wedge  the  head  of  the  bolt  that  remains 
in  the  foundation,  to  prevent  its  turning. 

For  notice  of  copyright,  see  page  immediately  following  the  title  page. 
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After  the  masonwork  is  carried  to  the  proper  height,  a 
1^  or  2  inch  hardwood  plank  should  be  placed  between  the 
stone  foundation  and  the  bed-plate  of  the  machine.  This 
plank  acts  as  a  cushion  and  greatly  diminishes  the  injurious 
effects  of  shocks  or  pounding.  This  end  would  not  be 
attained  if  the  machine  were  set  directly  on  the  stone 
foundation,  owing  to  the  lack  of  elasticity  of  the  latter. 

1477.  Lining  Up  and  Cleaning. — In  case  of  a  self- 
contained  machine,  where  the  engine  and  compressor  are 
tandem  and  on  the  same  bed-plate,  there  is  no  need  of 
lining  up,  as  these  parts  are  usually  shipped  from  the  shop 
in  perfect  alinement.  But  in  case  of  the  cross  machine, 
with  the  engine  parallel  with  the  compressor,  great  care 
should  be  taken  in  lining  up  both  the  compressor  and  the 
engine  with  the  main  shaft  and  in  making  the  foundation 
of  equal  strength  throughout,  so'  as  to  prevent  any  pos- 
sibility of  either  part  settling  more  than  the  other.  A  slight 
settling  of  the  engine  or  compressor  will  throw  it  com- 
pletely out  of  line  with  the  other  parts,  and  this  causes  a 
great  deal  of  trouble  and  annoyance,  to  say  nothing  of 
excessive  oil  bills. 

After  the  engine  and  compressor  are  practically  in  line, 
all  bearings  should  be  thoroughly  cleaned  with  kerosene  to 
remove  all  grit  and  then  keyed  up  to  a  loose  fit.  It  is  better 
to  have  the  compressor  knock  a  little  at  the  start  rather 
than  run  any  risk  of  burning  out  the  brasses  or  melting  the 
babbit.  The  valve  bonnets  and  valves  should  be  removed 
and  the  cylinder  thoroughly  inspected.  The  castings  in  the 
suction  and  discharge  ports  should  be  kept  perfectly  clean, 
as  the  smallest  particle  of  any  substance  lodging  under  the 
valves  naturally  causes  a  leak  and  is  likely  to  cut  either  the 
valve,  the  cylinder,  or  both. 

1478.  Placing  the  Condenser. — After  the  engine 
and  compressor  are  in  place  and  bolted  down  and  all  bear- 
ings protected,  so  as  to  prevent  dirt  entering  them,  the  next 
thing  is  to  put  the  condenser  in  place.     Whether  the  latter 
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is  of  the  submerged  or  of  the  atmospheric  type,  it  is  essential 
that  the  foundation  or  floor  on  which  it  is  to  stand  should 
be  practically  level.  Any  inequality  in  the  floor  causes  a 
like  unevenness  in  the  pipes  or  coils  of  the  condenser.  This 
naturally  makes  a  trap  in  which  the  anhydrous  liquid  can 
collect,  thereby  interrupting  the  work  of  the  condenser. 
The  floors  of  an  atmospheric  condenser  are  often  made  to 
pitch  in  a  certain  direction,  at  right  angles  to  the  run  of  the 
coils.  In  such  cases,  the  coils  are  practically  level,  but  each 
coil  is  propped  up  a  certain  amount  so  as  to  allow  for  the 
pitch  in  the  floor.  With  submerged  condensers,  it  is  best 
to  have  very  deep  tanks,  as  the  deeper  the  tank  the  greater 
is  the  range  in  the  temperature  of  the  water.  Such  con- 
densers always  have  the  water-supply  near,  the  bottom,  the 
overflow  or  waste  being  at  the  top.  In  this  case,  it  is  neces- 
sary, as  already  stated,  to  have  very  strong  foundations  for 
the  condenser  tank.  These  should  be  brick  piers,  placed  on 
good  stone  or  concrete  bases,  and  sufficiently  close  on  centers 
to  prevent  any  sagging  in  the  floor  beams  that  support  the 
condenser  tank.  The  coils  in  the  tank  should  also  be 
carefully  leveled,  so  as  to  prevent  any  traps  or  pockets  in 
the  pipes,  and  the  best  practice  recommends  valves  or 
cocks  at  the  ends  of  each  coil,  outside  of  the  tank,  as  in  this 
way  any  leaking  coil  may  be  shut  off  independently  of  the 
others. 

1 479.  Setting  the  Brine  Tank.— As  the  brine  tank 
is  usually  made  deep  and  has  considerable  insulation,  it  is 
advisable  to  set  it  on  a  brick  or  stone  foundation,  similar  to 
the  one  described  in  the  preceding  article.  On  top  of  this 
foundation,  the  insulation  for  the  bottom  of  the  brine  tank 
is  built  in  the  form  of  a  floor.  The  best  thing  to  use  for 
the  filling  between  the  joists  is  granulated  cork ;  but  this  is 
very  expensive,  and  planing-mill  shavings  are  often  used 
instead.  Care  should  be  taken  not  to  use  sawdust,  owing 
to  the  possibility  of  spontaneous  combustion  in  case  it 
becomes  dampened,  and  also  because  of  its  great  avidity  for 
moisture. 
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A  well-insulated  brine  tank  is  shown  in  Fig.  345.  It  con- 
sists of  the  main  joists  resting  on  the  foundations,  two  air 

spaces,  and  one-half  to 
1  inch  of  pitch,  in  which 
the  brine  tank  is  bedded. 
In  case  it  is  not  possible 
to  procure  pitch,  the 
floor  on  which  the  brine 
tank  is  to  rest  may  be 
sprinkled  with  either 
ground  cork  or  planing- 
m  i  11  shavings  about 
1  i  n  c  h  thick,  and  the 
brine-tank  bed  set  in 
them.  When  the  brine 
lank  is  rectangular  and 
is  to  be  placed  in  a 
corner,  the  walls  round 
it  should  be  insulated 
before  putting  the  tank 
F'o-  *^-  in  place. 

The  tank  should  be  thoroughly  tested  for  leaks  before  it 
is  lowered  on  the  foundation,  and  if  any  leaks  are  dis- 
covered, they  should  be  stopped. 

After  the  tank  is  lowered,  the  expansion  coils  are  placed  in 
it,  the  same  care  being  taken  to  keep  them  level  as  in  the 
case  of  the  condenser  coils.  Sometimes  cheap  plants  are 
built  without  cocks  or  valves  in  the  expansion  coils;  but  the 
better  class  of  machine  builders  put  expansion  and  shut-off 
valves  in  each  separate  coil.  This  facilitates  regulation  and 
saves  time  and  money  in  case  of  accident,  as  each  coil  can 
be  shut  off  independently. 

The  insulated  cover  of  the  brine  tank  need  not  be  as 
heavily  insulated  as  the  bottom  and  sides.  It  should  be  pro- 
vided with  a  manhole  or  trap-door  to  give  access  to  the  inside 
of  the  tank.  It  is  preferable  to  make  the  cover  in  sections 
if  possible,  and  secure  it  in  such  a  manner  as  will  allow  it  to 
be  easily  removed,  so  that  the  coils  can  be  taken  out  and 
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replaced  if  necessary.  Such  work,  of  course,  makes  it  neces- 
sary to  have  sufficient  headroom  over  the  brine  tank.  The 
same  thing  applies  to  the  submerged  condenser. 

1480.  Pipe  Connections. — After  all  the  principal 
parts  of  the  plant  are  in  place,  the  anhydrous-ammonia 
receiver  can  be  set  up.  This  receiver  should  always  be 
placed  below  the  level  of  the  condenser,  so  that  the  liquid 
from  the  latter  vessel  can  drain  into  it.  The  oil  separator 
between  the  compressor  and  condenser  should  also  be 
located,  and  the  gauge  frame  with  the  pressure  gauges 
should  be  secured  in  position.  The  brine  and  water  circu- 
lating pumps,  boiler-feed  pump,  and  the  rest  of  the  steam- 
boiler  plant  should  be  located  and  placed  according  to  good 
engineering  practice. 

The  steam  main,  from  which  the  pipe  to  the  engine  of  the 
compressor  branches  out,  should  be  provided  with  a  stop- 
valve  to  shut  off  the  steam  in  case  of  necessity;  this  in 
addition  to  the  throttle-valve  of  the  engine.  The  steam- 
pipe  to  the  engine  should  be  taken  from  the  top  of  the 
steam  main,  so  as  to  get  perfectly  dry  steam.  Bleeders 
should  be  provided  along  the  bottom  of  the  steam  main  to 
drain  any  water  of  condensation  that  may  collect  in  it,  the 
pipe  being  pitched  in  the  direction  of  the  bleeder.  In  large 
plants,  it  is  advisable  to  connect  with  these  bleeders  a  trap 
which  will  work  automatically  and  remove  all  water  of  con- 
densation from  the  mains.  In  small  plants,  the  steam  for 
the  pumps  is  often  taken  from  the  under  side  of  the  main; 
this  brings  all  the  water  of  condensation  to  the  pumps,  but 
as  these  are  slow-moving  parts  with  plenty  of  clearance, 
there  is  not  the  same  danger  from  water  as  in  Corliss 
engines. 

The  exhaust  steam  from  the  compressor  engine  can  be  led 
into  an  exhaust  main  and  used  for  heating,  making  distilled 
water,  or  some  other  purpose.  A  valve  should  be  placed  in 
the  main  exhaust  from  the  compressor  engine  and  one  in 
the  exhaust  of  each  pump,  to  prevent  steam  backing  up  into 
the  cylinders  when  they  are  not  in  use  or  are  being  packed. 
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The  water  should  be  taken  from  the  water-pump  to  the 
ammonia  condenser,  and  there  should  be  a  branch  pipe  to 
the  water-jacket  of  the  compressor.  In  case  it  is  desired 
to  run  the  engine  as  a  condensing  engine,  the  overflow 
water  from  the  ammonia  condenser  can  be  utilized  as  cir- 
culating wafer  for  the  steam  condenser.  This  is  quite  often 
done  at  a  very  slight  additional  first  cost  and  an  increased 
economy  of  from  15  to  20^. 

The    ammonia    connections   consist   of   a  discharge-pipe 
from  the  compressor  to  the  oil  trap,  and  one  from  the  oil 


Fig.  846. 

trap  to  the  ammonia  condenser;  a  drain-pipe  from  the 
ammonia  condenser  to  the  ammonia  receiver;  the  expan- 
sion-pipe from  the  receiver  to  the  cooler  or  expansion  tank; 
a  gas  suction-pipe  from  the  expansion  coils  to  the  com- 
pressor; and  the  gauge  pipes  commonly  known  as  the 
**head"  pressure  and  the  **back"  pressure,  these  names 
being  given,  respectively,  to  the  condensing  and  evaporating 
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pressure  of  the  ammonia.  The  head-pressure  pipe  is 
usually  taken  from  the  discharge-pipe,  and  the  back-pres- 
sifre  from  the  suction-pipe  to  the  compressor. 

Ordinarily  the  oil  from  the  oil  separator  is  drawn  out  by 
means  of  a  cock  G  (Fig.  346)  at  the  bottom  of  the  vessel; 
though  in  some  systems  a  connection  is  made  between  the 
oil  separator  B  and  the  gas  suction-pipe  /?,  and  piston-rod 
stuffing-box  F  of  the  compressor.  By  this  means  a  small 
quantity  of  oilcan  be  fed  into  the  chamber  of  the  stuffing- 
box,  and  if  the  piston  rings  begin  to  groan,  some  oil  can  be 
allowed  to  enter  the  cylinder  through  the  suction-pipe.  If 
this  arrangement  is  used,  care  should  be  taken  to  fit  the 
pipe  running  from  the  oil  separator  B  to  the  suction-pipe  D 
and  stuffing-box  /'with  a  strainer  A' for  straining  out  any 
impurities,  such  as  scale,  that  may  lodge  in  the  oil  separator. 
The  discharge-pipe  from  the  compressor  to  the  condenser 
should  be  fitted  with  an  air-valve,  or  cock,  at  its  highest 
point,  for  the  purpose  of  removing  air  from  the  condenser. 
A  drain  valve  should  be  fitted  to  the  under  side  of  the  bot; 
torn  header  of  the  expansion  coils  for  removing  oil  from 
them,  and  a  charging  inlet  to  the  suction  side  of  the  com- 
pressor for  taking  in  anhydrous  ammonia  for  charging  the 
machine.  It  is  also  customary  to  provide  an  air-valve  on 
the  top  of  the  cylinders  in  single-acting  machines  and  on 
the  discharge-pipe  in  double-acting  machines  for  the  re- 
moval of  air  when  the  system  is  being  pumped  out  before 
charging.  In  making  the  suction  and  discharge  connec- 
tions to  and  from  the  compressor,  the  by-pass  connections 
described  in  Art.  1404  should  not  be  neglected,  as  these 
appliances  are  indispensable  for  a  successful  operation  of  the 
plant.  Besides  the  stop-valves  on  the  compressor,  a  valve 
should  be  placed  in  the  discharge  main  near  the  condenser, 
one  in  the  suction-pipe  near  the  expansion  coils,  and  one  in 
the  gauge  pipes.  All  pipes  and  fittings,  before  being  placed 
in  position  and  after  being  cut  to  length,  should  be  well 
hammered  and  thoroughly  blown  out  by  means  of  a  steam 
hose  for  the  removal  of  dirt,  scale,  etc. 
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TESTING. 

1481.  Kinds  of  Tests. — Refrigerating-machines  of 
the  compression  type  are  usually  subjected  to  two  classes 
of  tests,  viz.,  the  pressure  test  and  the  vacuum  test.  The 
object  of  the  former  is  to  ascertain  the  strength  of  the  vari- 
ous parts  of  the  refrigerating-machine  and  connections,  and 
also  the  tightness  of  all  joints,  etc.,  and  that  of  the  latter  is 
to  determine  if  such  joints,  together  with  the  packing  of 
the  compressor  rod,  work  tight  in  a  vacuum.  It  often 
occurs  in  practice  that  a  piece  of  mechanism  that  is  per- 
fectly tight  under  severe  pressures  leaks  in  a  vacuum. 

1482.  Testing:  Water  and  Steam  Pipes.— Before 
subjecting  the  machine  to  the  air-pressure  test,  all  the 
steam,  water,  waste,  and  exhaust  connections  should  be 
tested  by  turning  the  live  steam  in  the  steam-pipes  and 
subjecting  the  exhaust-pipes  to  a  slight  back  pressure,  by 
either  partially  closing  some  of  the  exhaust-valves  or  by  set- 
ting the  back-pressure  valve,  if  there  is  one.  The  water- 
pipes  are  usually  tested  by  throttling  the  inlet  water-valves 
to  the  condenser  and  water-jackets  of  the  compressor, 
whereby  a  pressure  exceeding  the  ordinary  working  pres- 
sure by  about  30j^  is  obtained. 

1483.  Packing:  and  Inspecting  the  Compressor. 

— Before  the  compressor  is  started,  its  cylinder  should  have 
a  careful  inspection,  and  all  grummets  which  were  put  on 
when  the  plant  was  being  erected  should  be  removed  from 
the  various  bearings.  As  a  rule,  many  of  the  compressors 
are  assembled  and  run  in  the  shops  of  the  builder.  There 
they  are  usually  subjected  to  an  air-pressure  test  and  all 
clearances  and  valves  are  adjusted;  but  transportation  and 
subsequent  erection  often  cause  derangements,  and  so  it  is 
necessary  to  examine  the  different  parts  of  the  compressor 
before  the  latter  is  even  turned  over  by  hand.  The  valve 
covers  are  first  removed  from  both  suction  and  discharge 
valves  and  the  cages  and  valves  are  taken  out.  The  valve- 
seats  can  then  be  easily  seen  and  examined,  and  if  found 
perfectly  true  and  clean,  are  left  in  place.     If,  however,  they 
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are  cut  in  any  way,  or  if  the  valves  do  not  lie  true  in  them, 
they  should  be  removed  and  ground  to  a  fit,  or  new  seats 
should  be  put  in.  Through  the  openings  of  the  suction  and 
discharge  valves,  the  inside  of  the  cylinder  of  the  compressor 
can  be  seen.  It  should  be  carefully  examined  and  cleaned, 
the  cylinder-head  being  removed  if  necessary  for  this  pur- 
pose. If  this  is  neglected,  there  is  danger  of  the  inner  walls 
of  the  cylinder  being  cut  before  the  parts  wear  down  to  a 
bearing.  If,  however,  the  cylinder  is  found  to  be  in  com- 
paratively good  condition,  the  compressor  should  be  pinched 
around  by  hand  until  the  piston  is  on  the  dead-center  near- 
est the  removed  valve  covers.  Adjustment  for  clearance 
can  then  be  made  as  described  in  Art.  1 386,  after  which 
the  valves  and  cages  can  be  replaced  and  the  covers  can  be 
bolted  into  place.  In  case  the  compressor  is  double-acting, 
the  clearance  at  both  ends  of  the  cylinder  should  be  exam- 
ined and  the  clearance  space  divided  up  between  them. 
When  the  crank  is.  on  one  of  the  dead-centers,  a  mark 
should  be  made  on  the  cross-head  and  also  on  the  guide,  for 


#  '^''^^.J}/^>///W/^M^^ 
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Pig.  847. 

the  purpose  of  identifying  the  location  of  the  piston  in  the 
cylinder  in  case  it  is  necessary  to  take  up  the  main  crank 
or  wrist-pin  bearings. 

The  next  thing  is  to  pack  the  piston  rod  of  the  engine 
and  compressor.     The  engine  piston  rod   may  be  packed 
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with  any  ordinary  good  packing.  The  compressor  piston 
rod,  however,  should  be  packed  with  special  ammonia  pack- 
ing. If  metallic  packing  is  used,  that  known  as  **  Common 
Sense  "  will  be  found  to  give  very  good  results.  For  a  soft 
packing,  Oarlock's,  Knowlton's,  or  Crandall's  ammonia  pack- 
ing may  be  used.  In  packing  these  compressors,  an  oil 
thimble  or  spool  C,  Fig.  347,  is  usually  provided,  which 
divides  the  stuffing-box  into  two  parts.  This  appliance  is 
used  more  particularly  with  double-acting  compressors. 
The  oil  spool  G  is  connected  with  the  oil  supply  of  the  com- 
pressor by  the  hole  //,  and  a  certain  amount  of  oil  is 
allowed  to  enter  at  this  point  for  the  purpose  of  lubricating 
the  rod.  Some  of  this  oil  finds  its  way  naturally  into  the 
cylinder  and  serves  to  lubricate  the  piston  of  the  com- 
pressor. 

Seldon's  packing  has  been  found  very  satisfactory  on 
compressors  of  the  wet-compression  type.  As  freezing 
does  not  harden  or  disintegrate  it  to  the  same  extent  that 
it  does  packings  of  a  different  make,  this  packing  is  less 
likely  when  frozen  to  cut  the  rod. 

1484.  The  Compressor  Pressure  Test. — After  the 
compressor  cylinder  has  been  thoroughly  inspected  and  the 
piston  rods  of  both  engine  and  compressor  packed,  the 
machine  is  ready  for  the  pressure  test  of  compressed  air. 
This  test  is  made  by  simply  turning  the  ammonia  pump  or 
compressor  into  an  air-compressor;  in* other  words,  making 
the  pump  suck  in  air  from  the  engine  room  and  discharge 
it  into  the  condenser  of  the  ice-machine.  Before  steam  is 
turned  on  the  engine,  however,  it  is  advisable  to  turn  the 
compressor  two  or  three  times  by  hand,  for  the  purpose  of 
seeing  that  all  parts  are  in  order  and  do  not  interfere  in 
any  way  with  one  another.  The  valves  of  the  steam  engine 
should  be  set  according  to  good  engineering  practice. 

Fig.  348  shows  the  general  arrangement  of  a  compression 
machine  for  brine  circulation.  A  denotes  the  compressor, 
G  the  brine  tank,  and  C  the  condensing  coils.  The  various 
stop- valves  on  the  pipe,  such  as  Z,  A',  6',  should  be  inspected 
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and  all  of  them  opened,  with  the  exception  of  the  air-valves 
J\  X  ^  E\  D"  on  the  various  parts  of  the  apparatus.  The 
main  suction-valve  K  at  the  compressor  should  then  be 
closed  and  the  compressor  started.  It  will  have  no  source 
from  which  to  get  air,  and  after  a  few  revolutions  will 
exhaust  the  air  from  the  cylinders.  The  air-cock  O  on  the 
main  suction-pipe  is  now  slightly  opened  and  a  little  air  is 
admitted  to  the  suction  side  of  the  compressor.  This  will 
tend  to  slacken  up  the  speed  of  the  compressor,  which  is 
now  getting  air  and  doing  work  in  compressing  it.  After 
the  compressor  has  been  running  a  few  minutes,  the  head- 
pressure  gauge  will  begin  to  indicate  an  increase  of  pres- 
sure. When  the  pressure  has  risen  to  75  or  100  pounds,  the 
drain  valve  E'  on  the  receiver  of  the  condenser  should  be 
opened  quickly.  This  will  allow  the  compressed  air  that 
has  accumulated  in  the  condenser  to  expand  and  blow  out 
any  dirt,  scale,  chips,  etc.,  that  may  have  collected  in  the 
coils  of  the  condenser.  This  operation  should  be  repeated 
several  times,  and  the  oil-separator  valve  B'  should  be  used 
alternately  with  E',  When  the  compressor  is  first  started, 
the  oil  feed  to  the  suction  and  that  to  the  packing  should  be 
opened.  The  water  to  the  jacket  should  be  turned  on.  It 
is  essential  to  run  the  compressor  very  slowly  at  the  start, 
and  care  should  be  taken  to  run  sufficient  water  through 
the  jacket  to  keep  the  delivery  pipe  comparatively  cool. 
The  object  of  this  is  to  prevent  the  oil  that  enters  the 
cylinder  of  the  compressor  from  vaporizing.  If  this  vapor- 
ization takes  place  when  the  machine  is  worked  with 
ammonia,  the  oil  will  condense  again  in  the  coils  of  the 
condenser,  or  it  may  be  taken  out  by  means  of  the  oil  sepa- 
rator; but  when  the  machine  is  run  as  an  air-compressor, 
there  is  danger  of  the  vapor  from  the  oil  combining  with 
the  oxygen  of  the  air  and  forming  a  very  explosive  mixture. 
If,  however,  the  delivery  pipe  of  the  compressor  is  kept 
cool  by  running  sufficient  water  through  the  water-jacket 
and  keeping  the  speed  of  the  compressor  as  low  as  possible, 
there  is  little  danger  of  any  chemical  combination  taking 
place.      The   West   Virginia    black  oil    recommended   for 
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lubricating  compressor  cylinders  has  a  very  high  fire  test, 
as  well  as  extremely  low  chill  test,  and  consequently  it  is  not 
very  liable  to  vaporize  in  the  compressor,  even  when  the 
latter  is  used  as  an  air-compressor. 

After  the  coils  of  the  condenser  are  thoroughly  blown  out, 
the  expansion-valve  F  is  opened  wide  and  the  pressure  is 
allowed  to  rise  in  the  expansion  and  condenser  coils.  The 
back-pressure  gauge  Q  should  now  be  shut  off,  the  connec- 
tion between  it  and  the  stop-valve  broken,  and  the  stop- 
valve  Q  opened  quickly  several  times,  so  as  to  blow  out  the 
pipe.  The  same  should  be  done  with  the  high-pressure 
gauge  R  while  the  low-pressure  gauge  is  in  operation. 

After  the  various  parts  of  the  machine,  including  the  con- 
denser coils,  expansion  coils,  oil  trap,  etc.,  have  been  thor- 
oughly blown  out,  the  pressure  is  gradually  increased  on  the 
various  parts  up  to  300  pounds,  which  is  the  ordinary  air- 
test  pressure.  When  the  pressure  has  reached  this  limit, 
one  of  the  assistants  should  be  sent  around  to  inspect  all 
joints,  etc. 

The  air-inlet  valve  O  of  the  compressor  is  now  closed  and 
the  machine  is  shut  down;  the  main  suction- valve  K  is 
opened,  thus  allowing  the  full  300-pound  pressure  to  be 
exerted  on  all  parts  of  the  machine.  A  careful  inspection 
should  be  made  of  the  jacket  water  to  see  if  there  are  any  air- 
bubbles  due  to  leaks  in  the  flanges  of  the  compressor  heads, 
valve  covers,  etc.  The  various  joints  may  now  be  inspected 
by  painting  them  with  soap-suds.  The  slightest  leak  can 
then  be  readily  seen  by  means  of  soap-bubbles.  The  machine 
is  now  allowed  to  stand  for  several  hours  with  the  test  pres- 
sure on,  the  pressure  gauge  being  carefully  watched  to  see 
if  there  is  any  drop.  If  all  the  joints  are  found  in  good 
order  and  the  apparatus  holds  the  pressure  for  a  considerable 
time,  the  vacuum  test  may  be  made  next. 

1485.  Vacuum  Test. — The  main  delivery  valve  Z, 
Fig.  348,  is  first  closed  and  the  air-cock  P  is  opened.  The 
various  air-cocks  in  the  other  parts  of  the  apparatus  are 
opened  to  relieve  the    pressure.     After  the    pressure    has 
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dropped  to  that  of  the  atmosphere,  all  the  air-cocks  are 
closed  except  P,  The  compressor  is  then  started  slowly.  It 
will  naturally  draw  the  air  through  the  main  suction-valve, 
and  as  the  main  delivery  valve  is  closed,  will  discharge  it 
through  the  air-cock  P,  Both  the  back-pressure  and  high- 
pressure  gauge  pipes  are  now  opened,  and  in  a  short  time 
the  gauges  will  register  a  drop  of  pressure  of  several  inches. 
The  machine  is  now  allowed  to  run  slowly  until  a  vacuum 
of  30  inches  is  indicated  on  both  gauges.  With  a  well-con- 
structed machine,  it  is  not  difficult  to  obtain  such  a  vacuum; 
but  with  cheap  machines  having  large  clearances,  the 
vacuum  obtained  is  seldom  more  than  26  or  28  inches.  As 
the  gauge  pressure  becomes  lower,  which  indicates  a  more 
perfect  vacuum,  the  amount  of  air  discharged  from  the  air- 
cock  on  the  delivery  valve  will  be  less  and  less;  finally,  it 
will  reduce  to  but  a  slight  breadth,  and  when  this  point  is 
reached,  it  will  be  seen  that  the  compressor  ceases  to  lower 
the  vacuum.  The  air-cock  P  on  the  delivery  line  is  now 
closed,  the  delivery  valve  L  is  opened,  and  the  compressor 
is  allowed  to  stand.  If  the  machine  is  shut  down  over  night, 
the  gauges  should  still  indicate  30  inches  of  vacuum  on  the 
following  morning. 

The  gauge  pipes  are  then  shut  off  at  Q  and  R\  the  con- 
nections near  the  gauges  are  broken,  and  the  pipes  to 
the  gauges  are  filled  with  oil.  The  oil  protects  the  gauges 
and  renders  their  readings  more  accurate. 


CHARGING  AND  OPBRATING. 

I486.  Chargrlng:  the  Connections. — After  the  ma- 
chine has  stood  the  vacuum  test  for  several  hours,  and 
all  joints,  packings,  etc.,  have  been  found  to  be  perfectly 
tight,  it  is  ready  for  charging  with  anhydrous  ammonia  and 
brine.  An  ammonia  drum  which  has  either  a  f  or  a  ^  inch 
opening  is  connected  with  the  system  at  any  convenient 
point  of  the  expansion-pipe  or  the  expansion-coil  header  C, 
Fig.  348,  by  means  of  the  air- valve  X\    After  this  connection 
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is  made,  the  compressor  is  started  with  the  main  valves  K 
and  L  wide  open  and  the  by -pass  valves  J/ and  TVclosed ;  all 
other  valves  are  left  open  except  the  drier  by-pass  valve  y 
and  the  various  air-valves,  such  as  O,  P,  D\  E\  etc. 
The  valve  on  the  ammonia  drum  X  is  then  slightly  opened, 
and  the  pressure  in  the  pipe  connecting  X  with  the  valve  X' 
is  allowed  to  rise.  If  this  pipe  is  found  to  be  tight,  the  valve  X' 
is  opened  slightly.  The  ammonia  then  enters  the  expansion 
header  G",  passes  through  the  expansion  coils  in  the  expan- 
sion tank  G",  and  travels  by  the  various  pipes  to  the  com- 
pressor A,  From  there  it  is  discharged  through  the  oil 
separator  B  and  stored  in  the  condenser  C.  The  gas  can 
go  no  farther,  as  the  expansion-valve  F  is  closed.  The  feed 
on  the  valve  X'  can  be  so  regulated  as  to  keep  a  pressure  of 
from  10  to  15  pounds  on  the  back-pressure  gauge  Q, 

Before  the  compressor  is  started,  the  water  should  be 
turned  on  the  condenser  C  and  through  the  jacket  of  the 
compressor.  Care  should  be  taken  that  this  is  always  done 
before  starting  the  machine.  With  each  stroke  of  the  com- 
pressor, a  certain  quantity  of  ammonia  gas  is  taken  from 
the  expansion  coil  and  delivered  to  the  condenser.  The 
pressure  in  the  condenser  coils,  indicated  by  the  head-pres- 
sure gauge  R^  gradually  rises  until  the  pressure  reached  is 
sufficiently  high  to  condense  the  ammonia  in  the  coils  of  the 
condenser.  This  pressure  depends,  of  course,  on  the  tem- 
perature and  quantity  of  the  condensing  water.  After  this 
pressure  is  reached,  liquid  anhydrous  ammonia  will  be  seen 
to  accumulate  in  the  gauge-glass  E"  oi  the  receiver  E. 
When  the  ammonia  drum,  or  flask,  becomes  empty,  the 
pressure  on  the  back-pressure  gauge  will  gradually  fall,  and 
the  drum  will  begin  to  frost  on  the  under  side.  The  valve 
on  the  drum  is  then  closed,  and  after  a  minute  the  valve  X' 
is  also  closed;  the  connection  between  the  drum  and  X'  can 
then  be  broken,  with  the  loss  of  but  little  ammonia.  A 
second  drum  can  then  be  connected;  the  valve  on  it  is 
opened  slightly  for  testing  the  connecting  pipe,  then  the 
valve  X'  is  opened,  and  the  operations  just  described  are 
repeated. 
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1487.  Handling:  Ammonia  Drums.  —  Flasks  or 
drums  for  anhydrous  ammonia  are  made  of  steel  with  heads 
welded  in.  They  are  tested  to  a  heavy  pressure,  and  usu- 
ally hold  one  hundred  pounds  of  the  liquid.  They  are  made 
sufficiently  large  to  hold  this  quantity  of  ammonia  and  still 
leave  some  room  for  the  expansion  of  the  liquid  when  sub- 
jected to  heat.  Care  should  be  taken,  however,  not  to 
place  them  where  they  will  be  exposed  to  excessive  heat,  as 
in  the  boiler  room,  or  where  they  can  receive  the  direct  rays 
of  the  sun.  .There  are  several  different  makes  of  these 
drums,  each  having  a  different  style  of  connection.  The 
rules  for  connecting  the  drums  are  given  by  the  manufac- 
turer and  should  be  carefully  followed  by  the  user. 

1488.  If  at  any  time  it  is  necessary  to  remove  the 
ammonia  charge  from  a  compression  machine,  this  may  be 
done  as  follows:  An  empty  ammonia  drum  is  connected 
with  the  liquid-anhydrous  receiver  on  the  condenser,  and  the 
ammonia  drum  is  then  packed  in  ice  or  snow  and  set  on 
scales.  The  cock  on  the  condenser  and  the  one  on  the 
ammonia  drum  are  then  opened,  when  the  pressure  in  the 
condenser  will  force  the  liquid  into  the  drum.  The  latter 
should  be  allowed  to  fill  until  the  scales  indicate  that  about 
95  pounds  of  ammonia  have  entered  the  flask.  It  should 
then  be  shut  off  and  another  drum  connected  in  its  place. 
As  all  ammonia  drums  in  common  use  hold  100  pounds  of 
the  anhydrous  liquid,  there  will  be  room  enough  left  in  the 
drum  for  the  ammonia  to  expand. 

1  489.  Ammonia  Test. — While  the  pressure  is  being 
raised  in  the  condenser,  a  careful  man  should  be  sent  to 
inspect  all  the  connections  and  note  any  leaks  that  the 
ammonia  pressure  may  show.  The  water-supply  over  the 
condenser  should  then  be  diminished  so  as  to  raise  the  head 
pressure  to  at  least  200  pounds,  and  all  joints  should  be 
again  carefully  examined.  If  any  leaks  of  a  serious  nature 
are  discovered,  the  charging  of  the  machine  should  be 
stopped  at  once  by  closing  the  valve  X\  Fig.  348;  the 
expansion-valve  F  should  then  be  opened  so  that  the  gas 
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may  escape  into  the  expansion  coil  G^  thus  lowering  the 
pressure  in  the  condenser.  If  the  pressure  is  then  suffi- 
ciently low  to  take  up  the  leak,  the  process  of  charging  can 
be  resumed  after  the  necessary  repair  has  been  made.  If, 
however,  the  leak  is  so  serious  as  to  necessitate  the  taking 
out  of  a  fitting  or  a  length  of  pipe,  it  is  necessary  to  pump 
all  gas  out  of  the  condenser.  This  is  done  by  closing  the 
two  main  valves  K  and  L  in  the  compressor  and  opening 
the  by-pass  valves  M  and  N,  This  makes  the  condenser 
the  suction  side  of  the  system  and  the  expansion  coils  the 
high-pressure  side.  The  compressor  is  then  kept  running 
until  the  head-pressure  gauge  R  indicates  a  slight  vacuum. 
The  necessary  repair  can  then  be  made  and  the  expansion- 
valve  F  opened,  by  which  the  pressures  in  C  and  G  are 
again  equalized.  This  pressure  will  be  sufficient  in  all  prob-* 
ability  to  test  the  repair. 

If,  however,  no  serious  leaks  have  been  discovered,  the 
process  of  charging  can  be  continued  until  the  receiver  E  is 
about  two-thirds  full  of  liquid  anhydrous  ammonia.  The 
expansion- val ve  F is  then  gradually  opened  after  the  valve  X' 
has  been  closed,  and  the  pressure  in  the  expansion  coils  is 
allowed  to  increase.  An  experienced  man  is  then  sent  to 
examine  all  the  coils  and  connections  on  the  suction  side  of 
the  compressor,  and  a  careful  test  is  given  these  connections, 
similar  to  that  made  for  the  condenser.  A  pressure  of 
150  pounds  is  usually  considered  sufficient  for  the  ammonia 
test  on  the  suction  side.  After  all  leaks  have  been  stopped, 
the  machine  is  ready  for  service.  If  the  system  is  of  the 
direct-expansion  type,  the  machine  can  be  started  at  once 
on  its  regular  work ;  but  if  it  is  of  the  brine-circulating  type, 
it  is  necessary  first  to  charge  it  with  chloride  of  calcium  or 
with  salt. 

1490.  Brine  Ctaargre. — ^The  ammonia  test  having 
been  successful  and  the  expansion  coils  having  been  found 
tight,  the  tank  is  filled  about  two-thirds  full  of  water 
and  a  crib  is  placed  under  the  return  pipe.  Into  this  crib 
the  broken  chloride  of  calcium  or  the  salt  is  dumped  in 
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small  quantities.  The  brine-pump  is  then  started  and  a 
stream  of  water  turned  on  the  chloride  in  the  crib.  This 
stream  will  at  the  start  dissolve  the  chloride  very  rapidly 
until  the  water  in  the  tank  has  become  well  saturated.  If 
the  expansion  coils  remain  uncovered  after  the  brine  has 


Fig.  849. 

reached  the  desired  density,  sufficient  water  should  be  run 
into  the  tank  to  cover  them,  and  enough  chloride  added  to 
bring  the  brine  to  the  required  degree  of  saturation.  The 
method  of  connecting  the  brine-pump,  crib,  etc.,  is  shown 
in  Fig.  349. 

1491.  Starting  the  Maclilne. — Now  that  the  brine 
charge  has  been  made,  the  machine  charged  with  ammonia, 
and  all  connections  tested,  the  apparatus  is  ready  for  ser- 
vice. Before  any  cooling  is  possible  in  the  room,  it  is 
necessary  to  cool  the  brine  charge  below  the  freezing  point. 
The  brine-pump  is  stopped,  the  water-pump  is  started,  and 
water  is  run  over  the  condensers  and  through  the  water- 
jacket  of  the  compressor.  As  the  temperature  of  the  brine 
is  probably  in  the  neighborhood  of  55°,  a  comparatively  high 
back  pressure  can  be  kept  in  the  expansion  coils.  As  the 
compressor  is  started  when  the  pressure  in  the  expansion 
coils  is  comparatively  high — 100  to  150  pounds — it  is  neces- 
sary to  reduce  this  pressure  to  30  or  40  pounds  before  the 
brine  shows  any  perceptible  cooling.       The  main  suction 
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and  discharge  valves  K  and  L  (Fig.  348)  are  opened,  the 
by-pass  valves  J/ and  N  are  closed,  -Fandy  are  also  closed, 
and  the  compressor  is  started.  Thd  back-pressure  gauge  will 
begin  to  indicate  less  and  less  pressure.  When  a  pressure 
of  30  pounds  is  reached,  the  expansion-valve  F  is  slightly 
opened,  and  care  is  taken  to  regulate  it  so  as  to  keep  the  back 
pressure  between  30  and  35  pounds.  After  some  time  the 
brine  temperature  will  have  fallen  to  about  25**. 

The  brine-pump  can  now  be  started.  This  will  start  the 
circulation  in  the  room  and  also  that  in  the  brine  tank, 
which  will  help  to  cool  the  brine  more  rapidly.  The  expan- 
sion-valve /^can  be  closed  a  little,  so  that  the  back  pressure 
will  drop  gradually  as  the  temperature  of  the  brine  falls. 
The  machine  is  now  in  full  operation. 

If  at  any  time  the  compressor  cylinder  begins  to  groan, 
some  oil  should  be  pumped  into  the  suction-pipe.  Care 
should  also  be  taken  that  the  piston-rod  packing  is  well 
lubricated ;  if  it  begins  to  heat,  the  gland  on  the  stuffing-box 
should  be  slackened  and  some  oil  pumped  in.  This  will  cool 
the  rod.  It  is  better  to  have  the  piston  rod  leak  a  little  the 
first  day  or  two  than  to  have  the  packing  so  tight  as  to  cut 
the  rod. 

1492.  Expansion. — When  the  brine  has  cooled  to  a 
temperature  of  15°,  an  inspection  of  the  charge  should  indi- 
cate at  least  6  inches  of  liquid  anhydrous  ammonia  in  the 
receiver  of  the  condenser  and  a  back  pressure  of  20  to  25 
pounds.  If,  however,  the  back  pressure  is  lower  and  there 
is  a  small  quantity  of  anhydrous  ammonia  in  the  receiver, 
another  drum  should  be  connected  up  and  its  contents 
pumped  into  the  machine.  As  shown  in  Fig.  348,  there 
is  one  main  expansion-valve  F  and  a  number  of  feed- 
valves  //,  one  on  each  coil,  for  the  purpose  of  regulating 
the  amount  of  anhydrous  ammonia  being  fed  to  the  sepa- 
rate coils.  These  valves  H  should  be  adjusted  once  for 
all,  so  as  to  proportion  the  amount  of  anhydrous  ammonia 
supplied  to  each  coil;  then  they  should  be  left  alone. 
The  total  amount  of  anhydrous  ammonia  expanded  should 
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be  regulated  by  the  main  expansion-valve  F,  If  the  com- 
pressor is  working  properly,  the  whole  action  of  the  machine 
hinges  on  the  proper  manipulation  of  the  expansion-valve. 
As  shown  in  Art.  1375>  a  low  back  pressure  is  detrimental 
to  the  economical  working  of  a  compression  machine. 
Therefore,  care  should  be  taken  to  carry  as  high  a  back 
pressure  as  possible,  and  at  the  same  time  avoid  overfeed- 
ing. The  best  indication  of  overfeeding  is  a  heavy  frost 
on  the  suction-pipe  of  the  compressor.  Not  all  of  the  liquid 
anhydrous  ammonia  is  evaporated  in  the  expansion  coils, 
and  consequently  some  of  it  passes  over  to  the  compressor. 
The  evaporation  in  the  suction  end  of  the  cylinder  causes 
the  packing  of  the  piston  rod  to  freeze,  and  it  is  liable  to 
leak  as  soon  as  it  thaws  out  again.  The  greatest  danger 
from  overfeeding,  however,  arises  from  liquid  ammonia  or 
oil  entering  the  cylinder  of  the  compressor.  The  liquid 
being  incompressible,  its  presence  may  result  in  the  break- 
age of  a  cylinder-head  or  of  a  shaft,  or  the  derangement  of 
some  part  of  the  compressor.  The  action  in  this  case  is 
the  same  as  that  of  a  steam  engine  taking  water  in  with  the 
steam. 

1493.  Sliuttlns:  Down  tlie  Machine.— To  shut 
down  a  compression  machine,  the  main  throttle-valve  of  the 
steam  engine  is  closed,  care  being  taken  that  the  compressor 
does  not  stop  on  a  dead-center.  The  valve  on  the  oil 
feed  is  then  closed,  together  with  the  main  suction  and 
delivery  valves  AT  and  Zr  and  the  expansion-valve  F,  The 
other  valves  may  be  left  open.  The  water-pump  is  then 
stopped  and  all  the  drips  are  opened;  the  same  is  done 
with  the  brine-pump.  The  refrigerating  plant  is  now  shut 
down,  and  the  steam-boiler  plant  may  be  shut  down  as  in 
ordinary  practice. 

1494.  Practical  Points  Relating  to  tlie  Start- 
Ingr  of  tlie  Macblne. — After  steam  is  up  in  the  boiler, 
the  first  thing  to  do  is  to  start  the  water-pump  and  see 
that  there  is  a  plentiful  supply  of  water  going  over  the  con- 
densers.    The  brine-pump  is  next  started  and  all  its  drips  are 
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closed.  The  starting  of  the  brine  and  water  pumps  relieves 
the  main  steam-pipe  of  any  water  that  may  be  in  it  and  pre- 
vents the  boiler  from  priming  when  the  compressor  is 
started.  The  throttle-valve  is  opened  slowly  to  allow  the 
engine  cylinder  to  heat  up,  and  then  the  various  valves, 
except  the  expansion-valve,  are  opened.  After  making  sure 
that  the  water  is  running  over  the  condenser  and  through 
the  water-jackets,  the  compressor  is  slowly  started  by  opening 
its  throttle.  If,  however,  the  engineer  is  a  little  awkward 
in  starting  the  machine  and  gets  it  on  a  dead-center,  it  is 
necessary  to  pry  it  off  center  and  give  it  a  little  lead  before 
the  compressor  can  start  off.  In  case  of  a  big  machine,  it 
will  be  found  difficult  for  one  man  to  pry  it  over  center. 
The  best  thing  to  do  is  to  equalize  the  pressure  on  both 
sides  of  the  compressor  piston  by  closing  the  main  valve  Ky 
Fig.  348,  and  opening  the  by-pass  valve  M,  There  are 
notches  cast  in  the  rim  of  the  fly-wheel  at  regular  intervals 
for  the  purpose  of  inserting  the  pinch-bar;  they  provide  an 
easy  means  of  prying  the  machine  around. 

1495.  Supplies. — Crude  West  Virginia  black  oil, 
known  as  Mount  Farm  oil,  is  a  good  lubricant  for  com- 
pressor cylinders,  as  it  has  a  low  cold  test,  a  high  fire  test, 
and  is  inexpensive.  Albany  grease  may  be  used  on  the  main- 
shaft  bearings  and  on  the  other  parts  of  the  machine,  but 
it  is  particularly  suited  for  the  low  speed  and  large  bear- 
ing surfaces  of  the  main  shaft.  If  a  composition  bearing 
gives  any  trouble,  the  bronze  may  be  cut  out  and  replaced 
by  hard  babbit  of  a  good  quality.  The  anhydrous  ammonia 
used  should  be  practically  free  from  foreign  substances, 
among  them  oil  and  water.  In  testing  the  liquid  for  impuri- 
ties, it  is  preferable  to  take  a  sample  from  a  drum  that  has 
been  connected  with  the  machine  and  has  run  nearly  empty, 
as  all  the  impurities,  being  generally  heavier  than  the 
liquid  ammonia,  will  then  be  found  in  a  comparatively  small 
quantity  of  the  liquid. 

1496.  Operating:  Details. — A  head  pressure  that  is 
too  high  is  usually  due  to  one  of  four  causes,  viz.,  (1)  an 
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insufficient  water-supply;  (2)  too  small  a  condenser;  (3)  dirty 
condenser  coils ;  (4)  air  in  the  machine.  The  last-mentioned 
cause  is  the  most  common  source  of  trouble.  To  remove 
the  air  from  the  condenser,  it  is  first  necessary  to  shut 
down  the  compressor.  After  a  few  minutes,  the  air  will 
have  risen  to  the  highest  point  in  the  system  and  can 
be  readily  drawn  off  through  the  valve  D"  (Fig.  348).  To 
do  this,  run  a  small  piece  of  pipe  from  the  valve  Z^  into  a 
pail  of  water.  As  long  as  large  bubbles  come  to  the  sur- 
face, the  gas  being  drawn  out  is  either  air  or  some  impure 
hydrocarbon,  both  of  which  are  detrimental  to  the  success- 
ful operation  of  the  machine  and  should  be  removed. 
When,  however,  a  sharp,  rattling  noise  is  heard,  with  only 
a  few  small  bubbles  rising  to  the  surface,  the  valve  should 
be  closed,  as  those  are  the  indications  of  gaseous  ammonia. 
If  the  machine  is  then  started,  the  condensing  pressure 
will  be  found  to  have  dropped  considerably. 

The  condenser  coils  should  be  kept  perfectly  clean  by 
sweeping  them  off  with  a  broom.  In  case  it  is  necessary 
to  use  muddy  water  coming  from  a  stream  or  brook,  these 
coils  should  be  cleaned  at  least  once  every  twenty-four 
hours.  Keep  the  brine  charge  strong  enough  to  prevent 
the  formation  of  ice  on  the  coils,  since  this  greatly  affects 
the  efficiency  of  the  machine. 
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BRBCTION. 

1497.  Generator.  —  The  generator  or  retort  should 
be  set  on  a  good  foundation  that  will  not  settle  under  the 
weight  it  has  to  support.  If  horizontal,  it  should  be  per- 
fectly level.  The  analyzer  should  be  carefully  plumbed 
after  it  is  put  in  place.  The  analyzer  trays  or  plates  should 
then  be  placed  in  the  analyzer  and  each  tray  leveled,  so  as 
to  insure  a  good,  even  surface  for  the  liquor  to  travel  over. 
The  generator  should  be  provided  with  a  pair  of  gauge- 
cocks  for  indicating  the  quantity  of  aqua  ammonia   in  it. 
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and  all  openings,  such  as  gas  and  liquor  connections,  should 
be  provided  with  valves  or  cocks  for  closing  them.  Upon 
completion,  the  generator  is  usually  covered  with  some 
non-conducting  material  to  prevent  radiation. 

1498.  Condenser   and    Expansion    Tank.  —  The 

general  rule  for  the  erection  of  the  condenser  and  expansion 
tank  of  the  compression  machine  applies  also  to  those  of 
the  absorption  type.  The  only  difference  consists  in  the 
method  of  connecting  the  expansion  coils,  which,  as  a  rule, 
feed  in  at  the  top,  the  suction  being  taken  from  the  bottom 
header.  It  is  the  usual  practice  to  put  in  a  gravity  connec- 
tion from  the  bottom  header  of  the  expansion  coils  to  the 
receiver  of  the  absorber,  for  the  purpose  of  draining  them 
of  any  water  that  may  have  been  entrained  with  the  anhy- 
drous gas  and  accumulated  there. 

1499.  Exchanger. — The  exchanger  is  usually  set  on 
top  of  the  generator,  in  case  this  is  horizontal,  or  alongside 
of  it  if  it  is  a  vertical  still.  This  should  be  covered,  as  well 
as  the  generator,  with  some  non-conducting  material,  such 
as  magnesia  blocks,  asbestos,  or  hair  felt. 

1500*     Absorber   and    Aqua- Ammonia  Pump. — 

The  absorber  should  be  set  as  near  the  expansion  tank  as 
practicable,  so  as  to  decrease  the  length  of  the  suction-pipe. 
It  should  rest  on  a  good  foundation.  If  the  absorber  is  of 
the  tank  type,  the  foundation  should  be  made  similar  to  that 
of  a  submerged  condenser;  but  if  it  is  of  the  cylindrical 
type,  with  either  through  tubes  or  helical  coils,  the  founda- 
tion should  be  a  good  bed  of  concrete  well  tamped,  so  as  to 
prevent  the  absorber  from  settling  and  tipping.  It  is  quite 
important  that  the  ammonia  pump  should  be  placed  so  that 
the  receiver  of  the  absorber  is  higher  than  the  suction  of  the 
pump;  this  is  to  permit  the  liquid  or  strong  aqua  ammonia 
to  run  to  the  pump  by  gravity  instead  of  being  lifted  by  it. 
The  liquor  is  charged  with  ammonia  gas,  and  consequently 
any  lifting  action  on  the  part  of  the  pump  would  create  a 
slight  vacuum  and  liberate  the  gas;  the  pump  would  thus 
become  gas-bound  and  fail  to  fill  with  liquor.     The  aqua- 
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ammonia  pump  does  not  require  any  elaborate  foundation, 
but  merely  such  a  one  as  an  ordinary  duplex  or  single-act- 
ing steam-pump  needs.  A  cast-iron  bed-plate  or  pan  is  a 
useful  addition,  as  it  catches  any  ammonia  or  steam  that 
may  leak  from  the  pump.  Relief-valves  should  be  provided 
on  the  caps  of  the  suction  and  discharge  valves,  to  drain  the 
cylinder. 

1501.  Rectifier. — The  absorption  machine  of  the 
present  day  is  usually  provided  with  a  rectifier,  for  the  pur- 
pose of  removing  any  entrained  moisture  that  may  pass  off 
from  the  analyzer  on  its  way  to  the  condenser.  The  recti- 
fier is  usually  placed  above  the  analyzer  with  a  gravity  drain 
to  the  analyzer.  Any  moisture  entrained  thus  collects  in 
the  rectifier  and  runs  through  the  gravity  drain  back  to  the 
analyzer.  To  prevent  any  gas  from  passing  up  through  the 
drain-pipe,  this  pipe  is  usually  provided  with  a  trap  or  seal. 
Care  should  be  taken  that  there  is  but  one  trap  in  this  pipe 
and  that  the  rest  of  the  drip-pipe  drains  back  to  the  analyzer. 
The  two  connecting  pipes  of  the  rectifier,  viz.,  the  gas  line 
from  the  analyzer  to  the  rectifier  and  that  from  the  recti- 
fier to  the  condenser,  should  drain,  respectively,  towards  the 
analyzer  and  the  condenser. 

1 502*  Gau^eH  and  Connections. — Pressure  gauges 
should  be  attached  to  the  generator  (or  still),  to  the  absorber, 
and  to  the  expansion  coils  of  the  machine.  These  gauges 
are  steel-spring  Bourdon  gauges,  similar  to  those  used  in  the 
compression  machine.  There  should  be  a  valve  on  the  con- 
nection between  the  gauge  and  the  vessel,  so  that  the  former 
may  be  shut  off  in  case  it  is  necessary  to  repair  it.  The 
generator,  condenser,  and  absorber  should  be  supplied  with 
liquid  level  gauges,  the  one  on  the  absorber  being  usually 
run  open.  Air-valves  for  drawing  off  air  or  foreign  gases 
should  be  located  on  top  of  the  condenser  and  absorber  and 
on  the  absorber  receiver.  All  pipes  between  the  various 
vessels  should  have  valves,  so  that  any  one  can  be  discon- 
nected from  the  others. 

The  class  of   fittings  commonly  used  on  the  absorption 
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machine  are  either  gland  or  lock-nut  fittings.  Soldered-joint 
fittings  are  not  satisfactory,  as  the  wide  ranges  of  tempera- 
ture cause  the  soldered  joints  to  crack.  A  connection  is 
always  run  from  the  bottom  of  the  expansion  coils  to  the 
receiver  of  the  absorber,  so  that  it  is  possible  to  drain  the 
expansion  coils  into  the  absorber  in  case  any  entrained 
moisture  passes  into  the  condenser  and  from  there  to  the 
coils.  This  connection  is  usually  known  as  a  blow-out  con- 
nection or  purge. 

The  generator  is  connected  with  the  live-steam  pipe  from 
the  boiler.  If  there  are  more  coils  than  one  in  the  generator, 
they  are  connected  by  means  of  a  header,  a  separate  valve 
being  placed  on  each  coil  for  the  purpose  of  shutting  it  off 
separately  in  case  it  leaks.  The  outlets  of  these  coils  are 
also  connected  to  a  header  with  separate  valves.  This  out- 
let header  is  usually  attached  to  an  ordinary  steam-trap,  so 
that  the  condensed  steam  passing  from  the  still  is  discharged 
by  means  of  the  trap.  The  steam-pipes  to  the  ammonia 
pump,  brine-pump,  and  water-purtip  are  run  as  in  ordinary 
practice,  and  the  exhaust  is  taken  to  a  feed-water  heater. 
Where  an  absorption  machine  is  used  for  refrigerating  pur- 
poses, the  steam-trap  may  be  dispensed  with,  the  condensed 
steam  being  taken  to  a  boiler-return  trap  of  the  Bundy, 
Pratt  &  Cady,  or  Albany  type.  These  traps,  being  auto- 
matic, return  the  condensed  steam  to  the  boiler  without 
requiring  any  attention  on  the  part  of  the  engineer. 

The  water  connections  taken  from  the  water-pump  are 
usually  made  as  follows:  In  case  of  excessively  warm 
weather,  as  in  the  southern  States,  a  separate  supply  of 
water  is  taken  to  the  condenser,  absorber,  and  rectifier  of  the 
machine.  If,  however,  the  water  is  comparatively  cool, 
the  condenser  and  absorber  are  connected  in  series;  that  is, 
the  condensing  water  taken  from  the  condenser  is  passed 
through  the  absorber.  This  makes  a  much  more  econom- 
ical arrangement  of  the  water  consumption  of  the  plant, 
which  in  this  case  is  not  greater  than  that  of  a  good  com- 
pression machine,  the  amount  of  water  run  from  the  recti- 
fier being  about  equal  to  that  used  over  the  water-jacket 
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of  the  compression  machine.  The  waste  water  from  the 
absorber,  condenser,  and  rectifier  is  run  to  the  sewer,  or, 
in  case  of  the  closed  system,  it  can  be  discharged  into  a  tank 
for  future  distribution. 

1503.  Coils. — The  various  coils  in  the  absorber,  if 
they  are  water  coils,  should  be  arranged  so  that  they  can 
be  easily  blown  out  with  steam  or  compressed  air,  to  cleanse 
them  of  any  mud  incrustation  or  scale  that  may  form  in 
them.  With  comparatively  good  water,  such  cleansing  is 
not  necessary  oftener  than  once  a  month,  but  where  river 
or  brook  water  is  used,  a  frequent  blowing  out  is  necessary, 
especially  in  rainy  weather. 


TESTING  AND  CHARGING. 

1504,     Cold-Water  or  Hydraulic-Pressure  Test. 

— As  it  is  impossible  to  get  air-pressure  on  an  absorption 
machine  without  the  aid  of  an  air-compressor,  and  as  the 
absorption  machine  is  so  constructed  and  connected  that 
the  various  parts  will  drain  naturally  into  the  absorber, 
hydraulic  pressure  is  used  instead  of  air-pressure  for  testing 
a  machine  of  this  kind.  The  machine  is  filled  with  water 
by  means  of  the  aqua-ammonia  pump;  then  the  pump  is 
allowed  to  run  slowly  until  a  pressure  of  at  least  300 
pounds  is  shown  by  the  pressure  gauge  of  the  machine. 
Any  leaks  are  then  made  tight.  The  various  parts  of  the 
machine,  however,  are  usually  tested  at  the  shop  of  the 
builders  to  a  hydraulic  pressure  of  500  pounds,  the  test  on 
the  ground  being  merely  for  the  purpose  of  determining  the 
tightness  of  the  various  connections  rather  than  the  actual 
strength  of  the  machine.  Besides,  by  filling  the  machine 
with  water,  its  various  parts  are  thoroughly  cleaned. 

In  order  to  fill  an  absorption  machine  with  water,  a  con- 
nection is  made  such  as  the  one  shown  in  Fig.  350.  The 
main  suction-pipe  C  is  provided  with  a  tee  G,  from  which 
a  temporary  suction-pipe  B  is  run  nearly  to  the  bottom 
of  a  barrel  F.  A  hose  or  direct  hydrant  connection, 
fitted  with  a  cock  E,  serves  to  fill  the  barrel.     The  valve  C* 
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is  first  closed  and  the  valves  A'  and  B'  are  opened;  then  the 
pump  is  slowly  started  and  the  water  is  pumped  into  the 
machine.  The  cock  E 
is  so  regulated  as  to 
keep  the  water  in  the 
barrel  at  a  constant 
level.  The  pump  de- 
livering the  water  into 
the  machine  will  first 
fill  the  coil  of  the  ex- 
changer G  (Fig.  351), 
from  which  the  water 
will  flow  through  the 
pipe  R  into  the  analy- 
zer and  from  there  into 
the  generator.  Hav- 
ing filled  the  generator,  the  water  fills  the  analyzer  and  rises 
through  the  pipe  S  and  the  drip-pipe  M  into  the  rectifier  B. 
The  air-cock  B'  on  the  rectifier  is  closed  when  water  is  found 
to  run  out  of  it.  After  filling  the  rectifier,  the  water  will  run 
to  the  condenser  C,  from  there  to  the  expansion  tank  Z^,  and 
then  to  the  absorber  £.  When  water  begins  to  run  out  of 
the  upper  air  purge  E'  on  the  absorber,  the  system  is  com- 
pletely filled,  the  exchanger  having  been  filled  by  opening 
the  valves  Q'  and  G'.  All  the  air-valves  are  now  closed, 
and  the  absorber  pressure  gauge  [/  and  the  cooler  pressure 
gauge  Y  are  shut  off  by  the  cocks  [/'  and  Y*,  The  aqua- 
ammonia  pump  is  now  run  very  slowly,  and  with  every 
stroke  the  pressure  will  be  seen  to  rise,  as  shown  by  the 
gauge  Z,  When  this  pressure  has  reached  150  pounds,  a 
man  is  sent  around  to  examine  all  joints,  etc.,  for  leaks.  If 
any  are  found,  the  pump  is  shut  down,  the  pressure  is 
relieved  by  opening  one  of  the  air-cocks,  and  the  joint  is 
tightened.  After  it  has  been  ascertained  that  all  the  joints 
are  tight  at  a  pressure  of  150  pounds,  the  pump  is  again 
started,  and  the  pressure  is  gradually  raised  until  the  gauge 
Z  indicates  300  pounds.  As  most  ammonia  gauges  are 
graduated  up  to  only  that  pressure,  it  is  not  advisable  to 
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attempt  to  raise  the  pressure  any  higher.  When  the  pressure 
has  reached  this  point,  the  main  delivery  valve  O'  is  closed, 
and  the  pressure  is  allowed  to  remain  on  the  machine  for 
at  least  half  an  hour.  If  no  leaks  are  discovered,  the 
machine  is  ready  for  the  next  operation. 

1505.  Steaming:  Out. — While  the  pressure  is  still  on 
the  machine,  the  gauge  connections  are  broken  and  the 
gauges  are  blown  out  to  clean  them.  The  purpose  of  steam- 
ing the  machine  is  to  clean  it  thoroughly,  to  heat  the  joints, 
so  that  they  can  be  easily  taken  up,  and  to  drive  out  the  air. 
In  order  to  effect  this,  the  following  method  is  usually 
adopted:  The  various  air-cocks  B\  C\  E\F'  (Fig.  351)  and 
the  drain-cock  A'  are  opened,  and  the  water  is  allowed  to 
run  out  of  the  machine  until  the  various  vessels  and  the  coils 
in  Cy  />,  E^  Gy  and  B  are  empty  and  the  generator  A  is 
about  half  full.  The  air-cocks  are  then  closed  and  steam  is 
gradually  admitted  to  the  generator  coil  by  means  of  the 
valve  X\  this  heats  the  water  in  A  until  it  gives  off  steam. 
The  valve  X  is  gradually  opened.  The  steam  generated  in  A 
passes  up  through  the  analyzer  and  into  the  rectifier  i?, 
and  from  there  it  passes  to  the  condenser  {7,  driving  out 
through  the  various  air-cocks  any  air  there  may  be  in  these 
vessels.  The  expansion-pipe  AT,  which  was  broken  to  drain 
the  condenser  of  any  water  that  it  might  contain,  is  again 
connected,  and  the  steam  is  allowed  to  enter  the  expansion 
coils  D\  from  there  the  steam  travels  through  the  gas-pipey 
into  the  absorber  E.  It  will  be  necessary  to  carry  a  steam 
pressure  of  about  50  pounds  in  the  generator  coil,  which 
will  give  about  30  pounds  pressure  in  the  generator,  as  indi- 
cated by  the  gauge  Z\  but  by  the  time  the  steam  gets  to 
the  absorber  jE",  there  will  be  but  little  pressure,  owing  to 
condensation  and  wire  drawing.  If  the  valves  Q'  and  G'  are 
opened,  the  boiling  water  in  A  will  find  its  way  through  the 
exchanger  G  into  the  absorber  E^  as  the  difference  in  pres- 
sure between  the  generator  and  the  absorber  will  be  suffi- 
cient to  force  the  water  into  the  latter.  The  ammonia  pump 
is  now  started  with  the  main   suction-valve  P'  opened;  it 
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will  take  the  condensed  steam  and  hot  water  from  the  bot- 
tom of  the  absorber  E  and  discharge  it  into  the  exchanger  G^ 
and  thence  into  the  analyzer.  The  pump  should  be  kept 
running  slowly  and  the  water  circulating  for  an  hour  or 
more,  so  as  to  cleanse  the  absorber,  exchanger,  generator,  and 
analyzer  thoroughly.  The  air-valves  can  be  left  open  on  most 
of  the  other  vessels,  and  the  connection  on  the  expansion- 
pipe  K  can  be  partially  broken,  so  that  any  condensed  steam 
will  run  out  from  these  various  drains.  This  will  insure  the 
expulsion  of  all  air  and  the  washing  out  of  dirt,  scale,  and 
other  foreign  substances. 

After  the  machine  has  been  under  steam  for  several  hours, 
and  when  it  does  not  show  any  more  dirt  in  the  steam,  the 
various  air-valves  are  left  open,  the  absorber  is  pumped 
empty,  and  the  water  remaining  in  the  generator  is  blown 
out  from  the  drain  valve  A\  The  flange  connection  on  the 
line  G'  also  is  broken,  so  as  to  drain  the  exchanger  of  any 
water  that  it  may  contain.  After  all  the  water  is  out  of  the 
system,  steam  is  still  left  in  the  generator  coil,  which  super- 
heats the  steam  in  the  generator  and  prevents  any  air  from 
entering.  When  no  more  steam  escapes  from  the  various 
air-valves,  which  indicates  that  the  pressure  in  the  machine 
has  dropped  to  that  of  the  atmosphere,  those  valves  should 
be  closed.  The  various  stop  and  expansion  valves,  such  as 
N\  S\  B\  T\  K\  H\  Q\  0\  and  G'  should  be  closed,  so  that 
after  the  steam  is  condensed  and  a  vacuum  formed,  the  air 
that  may  leak  into  any  leaky  part  may  not  fill  the  other 
parts.  When  the  vessels  cool  down,  the  various  rubber  joints 
should  be  drawn  up,  as  the  heat  has  softened  the  rubber  and 
makes  it  possible  to  draw  such  joints  up  easily.  The 
machine  is  now  ready  for  charging. 

1506.  CliargInK  the  System. — In  order  to  charge 
the  machine  with  aqua  ammonia,  the  same  arrangement  of 
piping  is  used  as  that  shown  in  Fig.  350,  but  the  barrel  F  is 
replaced  by  an  aqua-ammonia  drum.  Aqua  ammonia  comes 
in  wrought-iron  glycerine  drums  holding  750  pounds  of 
ammonia.     Each  drum  has  a  2i-inch  bung  screwed  in. 
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Having  removed  the  bung  of  one  of  these  drums, a  suction- 
pipe  B  is  passed  through  the  bung-hole  and  is  then  attached 
to  the  elbow  of  the  auxiliary  suction-pipe.  The  pipe  B 
reaches  to  within  an  inch  of  the  bottom  of  the  drum.  As 
there  is  a  vacuum  in  the  machine,  when  the  valve  B^  in  the 
auxiliary  suction-pipe,  the  delivery  valve  A\  and  the  valve  C 
in  the  main  suction-pipe  are  all  opened,  aqua  ammonia  will 
be  drawn  into  the  absorber  and  exchanger  of  the  machine. 
Care  should  be  taken  to  sound  the  drum  for  the  purpose  of 
determining  the  level  of  the  liquor  in  it.  This  may  be  done 
by  means  of  a  small  stick  passed  down  through  the  bung- 
hole.  By  placing  one's  ear  on  the  suction-pipe  near  the 
drum,  one  can  easily  tell  when  the  drum  is  empty  by  the 
gurgling  sound  due  to  incoming  air. 

The  auxiliary  suction-valve  C\  Fig.  350,  is  now  closed,  the 
pipe  entering  the  drum  is  detached  from  the  elbow,  and 
another  drum  is  put  in  place  of  the  first.  Then  the  various 
stop- valves,  such  as  S\  T\  etc.  (Fig.  351),  are  opened  and  as 
much  ammonia  is  let  into  the  absorber  and  generator  as  the 
vacuum  will  permit.  The  main  suction-valve  to  the  absorber 
is  then  closed  and  the  ammonia  pump  is  started.  When  the 
gauge-glass  on  the  generator  shows  that  the  latter  is  full  of 
ammonia  liquor,  the  pump  is  stopped,  the  auxiliary  suction- 
valve  is  closed,  and  the  main  suction-valve  is  opened.  The 
machine  is  then  ready  for  generating  ammonia  gas. 

1 507.  The  liquid  ammonia  in  the  generator  is  gradually 
heated  by  turning  steam  on  through  the  valve  X,  When  the 
generator  is  heated  to  the  boiling  point  of  the  liquid,  the 
pressure  gauge  Z  will  indicate  from  30  to  60  pounds.  As 
all  the  main  stop-valves  are  open,  this  will  be  the  pressure 
in  all  the  vessels  of  the  machine.  Before  proceeding  with 
the  test,  a  person  is  sent  around  to  inspect  each  joint  care- 
fully. If  all  joints  are  tight,  the  steam  pressure  in  the 
generator  coil  is  allowed  to  rise,  thereby  increasing  the 
pressure  of  the  ammonia  in  the  generator.  If  the  tempera- 
ture of  the  condensing  water,  which  is  now  turned  on  to 
the  rectifier,  condenser,  and  absorber,  does  not  exceed  60°, 
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liquid  anhydrous  ammonia  will  be  seen  to  accumulate  in 
the  receiver  L  of  the  condenser  when  the  pressure  reaches 
120  pounds.  After  the  pressure  has  reached  60  pounds,  as 
indicated  by  Z,  the  cocks  U'  and  F'  are  opened  and  the 
expansion-valve  K'  is  closed.  The  closing  of  this  valve 
prevents  any  of  the  liquid  ammonia  from  passing  into  the 
expansion  coils.  The  valve  Q  is  opened  full,  and  the  valve 
G'  is  opened  one  or  two  turns,  so  as  to  allow  a  small  quantity 
of  the  aqua  ammonia,  from  which  the  gas  has  partially 
evaporated,  to  pass  over  into  the  absorber.  When  enough 
liquor  has  entered  the  absorber  so  that  it  can  be  seen  in  the 
absorber  gauge-glass,  the  ammonia  pump  is  started  and 
kept  running  at  such  speed  as  to  keep  the  level  of  the  liquor 
in  the  absorber  constant.  The  valves  /'  and  H'  are  now 
closed.  The  pressure  denoted  by  U  will  gradually  drop  to 
that  of  the  atmosphere,  but  is  not  likely  to  fall  below 
atmospheric  pressure,  as  there  will  be  sufficient  air  left  in  E 
to  prevent  the  pressure  from  dropping  below  that  point. 
Samples  for  testing  the  specific  gravity  of  the  ammonia  can 
now  be  taken  at  F' , 

The  steam  pressure  in  the  generator  coil  is  next  gradually 
increased  until  it  reaches  the  full  boiler  pressure.  When  it 
has  reached  that  point,  the  ammonia  pump  is  stopped  and 
the  valve  G  is  closed.  The  machine  is  now  allowed  to 
generate  gas  from  the  liquor  that  is  left  in  the  generator. 
The  nearer  the  steam  pressure  approaches  the  condensing 
pressure,  the  more  complete  will  be  the  distillation — that  is, 
the  less  ammonia  gas  will  be  left  in  the  aqua  ammonia  in 
the  generator.  After  this  process  of  distilling  has  gone  on 
for  an  hour,  the  specific  gravity  of  the  liquor  is  tested  by 
means  of  the  cooling  apparatus  shown  in  Fig.  352,  which  is 
attached  to  the  valve  A\  It  consists  of  a  coil  C  of  small 
pipe  placed  in  a  bucket  B  of  ice-water,  and  a  hydrometer 
jar  D,  The  latter  is  slowly  filled,  care  being  taken  that  the 
temperature  of  the  liquor  does  not  exceed  60°.  This  can  be 
done  by  running  the  liquor  very  slowly  out  of  A.  When 
several  samples  are  taken,  the  coil  C  should  be  emptied  before 
taking  each  sample,  so  as  to  obtain  the  liquor  for  each  test 
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more  nearly  in  the  same  state  as  that  of  the  liquor  in  the 
generator. 


Fig.  352. 

Table  30  gives  the  lowest  possible  specific  gravity  to  which 
a  solution  of  ammonia  can  be  reduced  under  various  steam 
and  condensing  pressures.  Thus,  for  a  maximum  steam  pres- 
sure of  90  pounds  and  a  condensing  pressure  of  150  pounds, 
ldi°  Beaume  is  the  lowest  possible  specific  gravity  that  can 
be  obtained. 

TABLE  30. 


LOinrBST  SPECIFIC  GRAVITY   OP  AQUA  AMMONIA, 
IN   DBGRBBS  BBAUMB. 


Steam  Pressure  in 

Ammonia  Condensing  Pressure,  Pounds. 

Generator,  Pounds. 

100 

120 

135 

150 

165 

180 

60 

13.5 

15.0 

16.0 

16.5 

17.0 

18.0 

70 

12.5 

14.0 

15.0 

16.0 

16.5 

17.0 

80 

12.0 

13.0 

14.5 

15.0 

15.5 

16.0 

90 

11.0 

12.0 

13.0 

13.5 

14.5 

15.0 

100 

11.5 

12.5 

13.5 

14.0 

14.5 

120 

11.5 

12.0 

13.0 

13.5 
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1 508.  After  the  minimum  specific  gravity  for  the  given 
steam  pressure  has  been  attained,  the  weak  liquor  remaining 
in  the  generator  is  allowed  to  pass  into  the  absorber.  If 
there  is  any  air  remaining  in  the  absorber,  its  pressure  will 
be  shown  by  the  gauge  f/,  which  will  rise  as  the  weak  liquor 
fills  the  absorber,  thereby  compressing  the  air.  When  the 
generator  is  entirely  or  nearly  empty,  as  shown  by  the 
gauge-glass,  the  valve  G  is  closed.  The  liquor  that  has 
entered  the  absorber  has  now  been  cooled  down  so  that  it 
can  readily  be  drawn  out  of  the  valve  F'  and  allowed  to  run 
to  waste,  or  collected  in  drums,  if  it  can  be  sold  or  used  for 
any  purpose.  In  case,  however,  the  air  has  been  all  expelled 
from  the  absorber  E  (Fig.  351),  it  will  be  impossible  to  run 
the  liquor  out  of  the  valve  F\  as  there  is  a  vacuum  in  the 
absorber  E.  It  is  then  necessary  to  start  the  ammonia 
pump,  closing  the  valves  F'  and  O^  and  opening  P^  and  O' , 
When  the  pump  is  started,  the  liquor  will  be  drawn  from  the 
absorber  and  delivered  through  the  valve  (9',  which  can  be 
connected  with  a  sewer  or  with  an  ammonia  drum. 

At  this  stage,  an  inspection  of  the  different  parts  of  the 
machine  will  show  the  conditions  to  be  as  follows:  absorber 
empty,  generator  with  1  or  2  inches  in  the  glass,  con- 
denser receiver  full  of  anhydrous  ammonia.  .A  fresh  drum 
of  strong  aqua  ammonia  is  now  connected  with  P  and 
pumped  into  the  generator.  This  process  is  continued, 
drum  after  drum  being  pumped  in,  until  the  generator  coil 
is  covered  with  4  or  6  inches  of  strong  aqua  ammonia.  The 
steam  pressure  is  turned  on  to  the  coil,  when  ammonia  gas 
will  be  liberated  from  the  strong  solution  in  the  generator. 
When  the  level  has  dropped  2  or  3  inches,  some  weak  liquor 
is  allowed  to  enter  the  absorber  until  its  level  is  shown  by 
the  gauge-glass  of  the  absorber.  It  will  then  be  found  that 
there  is  still  sufficient  aqua  ammonia  in  the  generator  to 
cover  the  generator  coil  by  1  or  2  inches.  It  is  necessary  to 
keep  the  generator  coil  covered  to  prevent  pitting,  for  the 
same  reason  that  the  tubes  of  a  boiler  are  kept  covered  with 
water. 
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1509.  Charslnii:   with  Anhydrous  Aminonla. — 

At  any  time  during  the  summer  season,  when  the  machine 
is  found  to  need  more  ammonia  and  can  not  be  shut  down 
long  enough  to  distill  off  anhydrous  from  aqua  ammonia  as 
described  in  the  previous  article,  the  charge  may  be 
strengthened  by  using  anhydrous  ammonia.  This  is  done 
while  the  machine  is  in  regular  operation.  The  anhydrous 
drum  is  connected  with  the  valve  K'  (Fig.  351)  and  the 
expansion-valve  K  is  closed.  The  cock  on  the  drum  is  then 
opened  wide  and  K'  is  used  as  a  temporary  expansion- 
valve.  This  allows  the  ammonia  in  the  condenser  to 
accumulate  in  the  receiver  Z.  After  the  first  drum  is 
empty,  a  second  one  is  attached,  and  so  on,  until  the  gauge- 
glass  on  the  receiver  L  shows  that  there  is  a  good  supply  of 
anhydrous  ammonia  in  the  machine.  The  valve  K'  is  then 
closed,  the  expansion- valve  K  opened,  and  the  machine  is 
allowed  to  feed  as  before. 

1510.  Expelling:  the  Air.  —  Before  the  machine  is 
ready  for  work,  it  is  necessary  to  expel  all  air  and  other 
extraneous  gases,  whose  presence  is  ascertained  by  filling 
the  absorber  with  liquid  ammonia,  as  explained  in  the  pre- 
ceding article.  If,  when  this  is  done  and  the  liquor  is 
allowed  to  cool,  the  gauge  U  still  indicates  a  pressure,  the 
air  (or  other  gases)  should  be  allowed  to  escape  through  the 
valve  E\  To  know  when  all  the  air  and  extraneous  gases 
have  been  expelled,  a  small  pipe  is  connected  with  the  purge 
valve  E\  the  other  end  being  immersed  in  a  bucket  of 
water.  A  sharp  rattling  sound  and  an  absence  of  bubbles 
indicate  the  pressure  of  ammonia  and  show  that  the  air 
and  other  gases  are  all  out ;  so  long  as  the  latter  remain,  the 
water  is  very  much  agitated  and  the  bubbles  are  abundant. 

151 1.  Star  tins:  the  Machine. — After  the  air  and 
other  gases  have  been  expelled  from  the  absorber,  the 
ammonia  pump  is  started  and  the  steam  is  gradually  turned 
on  to  the  generator.  When  a  pressure  of  120  or  130  pounds 
has  been  reached,  the  valves  S  and  N^  are  opened  and  the 
water  is  turned  on  to  the  rectifier,  condenser,  and  absorber. 
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These  valves  should  be  opened  slightly  so  as  not  to  create 
too  strong  a  current  between  the  rectifier  and  the  genera- 
tor, as  the  difference  between  the  pressures  in  these  two  ves- 
sels may  be  considerable.  Next,  the  valve  7^'  is  opened 
slightly.  The  generator  pressure  now  extends  to  all  the 
high-pressure  parts  of  the  machine.  The  valves  Q  andy 
are  next  opened ;  the  expansion-valve  K'  is  opened  a  very 
little  until  the  gauge  F  indicates  15  to  20  pounds;  then  G  is 
slightly  opened,  allowing  some  weak  liquor  to  enter  the 
absorber.  As  soon  as  the  liquor  is  seen  in  the  gauge-glass 
of  the  absorl)er,  the  suction-valve  P  and  the  delivery  valve 
O^  are  opened  and  the  ammonia  pump  F  is  started.  The 
pump  is  run  at  such  a  rate  as  to  keep  the  liquor  in  the 
gauge-glass  on  the  absorber  at  a  constant  level.  The 
machine  is  now  doing  regular  work,  cooling  the  brine  in  the 
brine  tank  D, 

1512.  LifnUation8  of  Capacity. — With  an  absorp- 
tion machine  well  charged,  in  good  condition,  and  making 
anhydrous  ammonia,  there  will  be  found  two  causes  limiting 
the  capacity  of  the  machine:  viz.,  (1)  the  steam  pressure 
in  the  generator,  and  ('2)  the  quantity  of  liquor  circulated 
between  the  generator  and  the  absorber.  For  horizontal 
generators,  the  pressure  of  steam  carried  on  the  generator 
is  usually  about  \  of  the  ammonia  condensing  pressure. 
For  instance,  if  the  condensing  pressure  is  150  pounds,  the 
steam  pressure  in  the  generator  will  be  about  50  pounds. 
There  is  no  fixed  law  or  rule  for  machines  having  vertical 
stills,  and  great  care  must  be  exercised  in  not  having  too 
strong  a  charge  or  too  high  a  steam  pressure,  or  there  is 
danger  of  **bt)iling  over" — that  is,  the  generation  of  the  gas 
being  very  rapid  in  the  still  and  the  liberating  area  being 
comparatively  small,  the  whole  charge  in  the  still  may  be 
blown  into  the  condenser.  The  quantity  of  aqua  ammonia 
circulated  should  not  exceed  one  gallon  a  minute  per  ton  of 
ice  made  per  24  hours,  or  half  a  gallon  per  ton  of  refrigera- 
ting effect. 

Having  started  the  ammonia  pump  at  the  proper  speed. 
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the  weak-liquor  valve  G  is  so  regulated  that  the  quantity  of 
ammonia,  as  shown  by  the  absorber  gauge-glass,  will  remain 
constant.  The  amount  of  feed  depends  largely  upon  the 
frost  on  the  suction-pipe  y.  When  the  brine  is  cooled  down 
to  15°  or  20*^,  this  frost  should  come  close  to  the  absorber, 
without,  however,  entering  the  absorber  itself. 

Example. — An  absorption  machine  has  a  double-acting  ammonia 
pump,  the  cylinder  of  which  is  2^  inches  in  diameter  and  the  stroke  is 
7  inches.  The  capacity  of  the  machine  is  10  tons.  How  fast  should 
the  pump  run  ? 

Solution. — The  number  of  gallons  of  ammonia  circulated  per  min- 
ute is  i-  X  10  =  5,  which  is  equal  to  5  X  281  =  1,155  cubic  inches.     The 

volume  of  the  cylinder  =  4  X  (2^)*  X  7  =  3436  cu.  in.  As  this  is  the 
quantity  of  ammonia  pumped  per  stroke,  the  number  of  strokes  neces- 
sary to  pump  1,155  cubic  inches,  that  is,  the  number  of  strokes  per 

1  155 
minute,  is  kt^  =  33.6.     The  number  of  revolutions  per  minute  is  half 

of  this,  or  16.8.     Ans. 

1513.  Defective  Working. — If,  after  the  machine 
has  been  running  some  time,  the  pressure  on  the  gauge  V 
(Fig.  351)  gradually  falls,  while  the  temperature  of  the  brine 
remains  constant,  this  is  an  indication  that  the  machine  is 
not  making  anhydrous  ammonia.  The  usual  remedy  for  this 
is  to  run  more  water  over  the  rectifier  coil  B^  so  that  more 
ammonia  will  condense  in  the  coil  and  return  to  the 
analyzer  through  the  line  M, 

Another  indication  of  poor  working  is  the  fall  of  the  level 
of  the  liquid  in  the  generator  while  remaining  constant  in 
the  absorber.  This  means  that  some  of  the  aqua  ammonia 
in  the  generator  is  working  over  into  the  condenser,  and 
from  there  into  the  cooler  expansion  coils,  where  it  remains. 
In  order  to  drain  out  these  coils,  the  valve  H'  is  opened 
slightly  until  the  pipe  H  is  frosted  all  over.  This  valve 
should  not  be  opened  too  much,  or  the  ammonia  pump  F 
will  begin  *' kicking"  on  account  of  the  liquor  getting  too 
strong  in  the  absorber;  but  if  opened  slightly,  the  liquor 
will  gradually  drain  out  of  the  expansion  coils  and  be  car- 
ried over  into  the  generator  by  means  of  the  aqua-ammonia 
pump. 
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QUANTITY   OF  W^ATER   USED. 

1514.  Rectifier. — The  amount  of  water  delivered  to  the 
rectifier  should  be  governed  by  the  temperature  of  the 
pipe  7^,  which  is  kept  from  15°  to  20°  higher  than  that  of 
the  condensing  water. 

Condenser  and  Absorber. — Sufficient  water  should  be  run 
over  the  condenser  to  keep  the  head  pressure  as  low  as  possible, 
and  enough  over  the  absorber  to  keep  the  outlet  water  below 
110°.  If,  however,  it  is  not  possible  to  get  enough  water 
to  produce  a  sufficiently  low  temperature,  a  water-cooling 
tower  or  gradier  may  be  installed  with  economy,  as  the 
fuel  consumption  will  increase  as  the  quantity  of  water 
is  decreased.  In  a  well-designed  absorption  machine,  two 
gallons  of  water  at  G0°  per  ton  of  refrigerating  effect,  or 
four  gallons  per  ton  of  ice  made,  is  usually  sufficient.  This 
quantity  must  be  increased  as  the  temperature  of  the  water 
increases. 

Weak-Liquor  Cooler. — If  either  the  absorber  or  the  ex- 
changer of  a  machine  is  too  small,  and  on  this  account  the 
weak  liquor  entering  through  the  exchanger  G  is  very  hot, 
a  cooling  coil  may  be  inserted  between  the  exchanger  and  the 
absorber.  The  weak  liquor  from  the  exchanger  enters  the 
bottom  of  this  coil,  the  outlet  of  which  at  the  top  is  con- 
nected to  the  absorber.  Water  is  allowed  to  trickle  over  this 
coil,  the  arrangement  being  similar  to  that  of  an  atmos- 
pheric condenser.  Such  a  coil  will  increase  the  capacity  of 
the  machine  from  10  to  15,^^. 


POINTS    ON   OPERATING. 

1515.  Specific  Gravity  of  Liquor. — In  the  major- 
ity of  absorption  machines,  the  weak  liquor  leaves  the  gen- 
erator at  from  18  to  20  degrees  Beaume,  and  the  strong 
liquor  leaves  the  absorber  at  from  25  to  30  degrees  Beaum^. 
The  specific  gravity  of  the  liquor  in  the  generator  depends 
upon  the  steam  pressure,  the  condensing  pressure  of  the 
ammonia,  and  the  amount  of  steam-coil  surface;  that  of 
the    liquid    in    the    absorber    upon    the   temperature   and 
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quantity  of  the  condensing  water,  the  surface  in  the 
absorber,  and  the  back  pressure.  Oftentimes  the  specific 
gravity  of  the  strong  liquor  is  taken  in  order  to  ascer- 
tain whether  the  machine  is  sufficiently  charged.  But 
such  specific  gravity  does  not  indicate  the  strength  of  the 
charge.  For  example,  if  with  a  heavy  charge  in  the  machine 
and  a  light  feeding  at  the  expansion-valve,  the  back  pres- 
sure is  made  to  run  low,  the  specific  gravity  of  the  liquor 
in  the  absorber  becomes  correspondingly  low.  If  there  is 
plenty  of  water  passing  through  the  absorber,  a  good  charge 
of  aqua  ammonia  in  the  machine,  and  the  strong  liquor  is 
not  so  strong  as  it  should  be,  the  cause  is  probably  either  air 
or  foul  gas  in  the  machine  or  dirt  in  the  coils  of  the  absorber. 
These  coils  should  be  kept  clean  by  blowing  them  out  occa- 
sionally with  steam  or  compressed  air,  the  latter  being  pref- 
erable if  available.  If  very  hard  water  is  used,  such  coils 
should  be  blown  out  at  least  once  a  week.  After  giving  the 
absorber  a  thorough  cleaning  and  purging  it  free  of  air,  the 
specific  gravity  of  the  strong  liquor  will  be  found  to  have 
increased  by  several  degrees. 

1516.  Leaky  Colls. — A  slight  leak  in  the  generator, 
condenser,  absorber,  or  exchanger  coils,  although  it  may 
not  be  discovered  on  inspection,  causes  a  falling  off  in  the 
capacity  of  the  machine  and  a  loss  of  ammonia.  A  leak  in 
the  coils  of  the  generator  is  easily  detected  by  opening  the 
vent  valve  on  the  distilled  water  leaving  the  generator  coil, 
when  the  odor  of  gaseous  ammonia  will  be  noticed,  as  all  the 
ammonia  will  vaporize  in  coming  in  contact  with  the  air, 
owing  to  the  high  temperature  of  the  latter.  Another  way 
is  to  cool  some  of  the  condensed  steam  from  the  generator 
coils  and  apply  the  Nessler  reagent  test. 

To  determine  a  leak  in  the  condenser  or  absorber  coils, 
draw  some  of  the  overflow  water  from  either  one  of  these 
vessels  and  then  apply  the  Nessler  test.  In  case  the 
absorber  has  water  coils,  a  sample  of  water  should  be  taken 
from  each  coil  independently  and  tested.  Then  the  leaky 
coil  should  be  capped  or  plugged  and  the  machine  allowed  to 
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run  with  the  other  coils  until  the  water  cools  off  sufficiently 
to  permit  the  machine  being  shut  down  for  replacing  the 
defective  coil. 

A  leak  in  the  exchanger  coil  is  not  so  easily  detected,  par- 
ticularly as  there  is  no  loss  of  ammonia  noticed  in  the 
machine,  the  only  loss  being  in  the  capacity.  To  test  this 
coil,  a  tee  with  a  valve  Q"  (Fig.  351)  is  placed  in  the  weak- 
liquor  pipe  between  the  generator  and  exchanger,  and 
another  one  at  G'  in  the  weak-liquor  pipe  between  the 
exchanger  and  absorber.  A  cooling  coil  (see  Fig.  352)  is 
then  connected  with  both  of  these  valves.  The  specific 
gravity  of  samples  of  ammonia  taken  from  one  of  the  valves 
should  be  the  same  as  that  of  samples  taken  from  the  other. 
If  the  sample  from  G'  shows  a  higher  specific  gravity  than 
that  from  Q" ^  there  must  be  a  leak  in  one  of  the  exchanger 
coils. 


H01»V  TO  RBDUCB  THB  PRBSSURB  IN   ANY  VESSEL. 

1517.  Absorber. — The  absorber  is  to  the  absorption 
machine  what  the  suction  of  the  compressor  is  to  the  com- 
pression machine.  It  is  that  part  of  the  absorption  machine 
by  which  a  pressure  may  be  reduced  almost  instantaneously, 
if  the  machine  is  in  good  running  order  and  the  absorber 
free  from  air  or  foul  gas.  By  shutting  the  valve/'  (Fig.  351), 
the  absorber  pressure  should  drop  to  10  or  15  inches  of 
vacuum  inside  of  5  minutes.  It  will  therefore  be  seen  that 
if  it  is  desired  to  reduce  the  pressure  in  the  absorber,  all 
that  is  necessary  is  to  close  the  valve  J^  and  pump  out  the 
absorber  the  same  as  in  ordinary  running. 

1518.  Expansion  Colls  or  Cooler. — If  it  is  desired 
to  reduce  the  pressure  in  the  expansion  coils  or  cooler,  the 
expansion-valve  K'  is  closed,  and  after  the  machine  has 
been  running  for  half  an  hour  the  drain-pipe  valve  H'  is 
opened  so  as  to  permit  any  liquor  that  is  left  in  the  expan- 
sion coils  to  pass  into  the  absorber,  the  valve  J^  being 
closed.      While  this  has  been  going  on,  the  machine  will 
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have  been  generating  anhydrous  amilionia,  which  is  stored 
in  the  condenser. 

1519.  Condenser. — It  is  very  convenient  to  make  a 
by-pass  connection  /  between  the  absorber  and  the  expan- 
sion-pipe K,  If  it  is  desired  to  make  a  vacuum  in  the  con- 
denser coils,  all  the  anhydrous  ammonia  is  fed  into  the 
expansion  coils  by  opening  A''  wide  and  closing  T'  until  the 
pressure  in  the  condenser  coils  has  been  reduced  to  that  of 
the  expansion  coils,  viz.,  15  to  20  pounds.  The  expansion- 
valve  A"'  is  then  closed,  the  by-pass  valve  /'  opened,  and 
J'  and  H'  are  closed.  The  gas  that  remains  in  the  condenser 
will  then  be  drawn  into  the  absorber,  and  the  pressure  in 
those  parts  will  be  reduced. 

If  it  is  desired  to  reduce  the  pressure  in  the  rectifier,  the 
same  thing  is  done,  except  that  the  valve  7^'  is  left  open 
and  the  valves  S  and  N'  are  closed. 

In  case  there  is  no  by-pass  connection  on  the  machine, 
the  steam  is  shut  off  the  generator,  and  when  the  condens- 
ing pressure  drops  slightly,  the  valves  N^  and  5'  are  closed, 
the  other  valves  being  left  open  as  in  regular  running. 
The  pressure  in  the  rectifier,  condenser,  cooler,  and  absorber 
is  then  gradually  worked  down,  the  anhydrous  ammonia 
being  gradually  stored  in  the  generator.  This,  however,  is 
a  very  tedious  operation,  it  being  much  quicker  to  run  all 
the  anhydrous  ammonia  from  the  condenser  into  the  cooler, 
and  then,  when  the  condenser  is  under  cooler  pressure,  open 
up  the  cocks  C  and  purge  the  condenser  of  the  remaining 
pressure.  It  will  be  found,  as  a  rule,  that  only  about  one- 
half  of  the  pressure  left  in  the  condenser  is  due  to  ammonia, 
the  other  half  being  due  to  air.  Consequently,  the  loss  of 
ammonia  is  not  very  great. 

1520.  Generator. — To  reduce  the  pressure  in  the 
generator,  turn  on  a  high  steam  pressure  so  as  to  distill  off 
as  much  ammonia  gas  as  possible,  then  close  the  valve  T' 
and  shut  down  the  machine,  leaving  the  valves  5'  and  N* 
open  and  water  running  over  the  rectifier  coil;  break  the 
steam   connection  to  the  generator   coil   and    run  a  water 
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hose  inside  of  this  coil,  turning  on  a  very  small  stream  of 
water.  Care  should  be  taken  not  to  chill  the  steam  coil  too 
rapidly,  as  it  is  then  liable  to  crack  or  be  strained.  The 
pressure  in  the  generator  will  be  found  to  drop  very  rapidly, 
and  in  about  an  hour  the  generator  will  be  accessible  for 
repairs. 

1521.  Ammonia  Pump. — The  suction  and  delivery 
valve  chambers  of  the  ammonia  pump  should  be  fitted  with 
vent-cocks  or  valves,  so  that  they  may  be  emptied  when- 
ever it  is  desirable  to  examine  the  condition  of  the  pump- 
valves.  When  this  is  being  done,  the  main  suction  and 
delivery  valves  P'  and  O'  should  be  closed,  and  the  liquor 
from  the  suction  and  discharge  chambers  of  the  pump 
drawn  out  through  the  vent-cocks  into  a  pail  of  water. 
The  caps  covering  the  valves  can  then  be  taken  off  and 
the  valves  examined.  If  trouble  is  found  in  keeping  the 
piston  rod  of  the  ammonia  pump  packed  tight,  a  stuffing- 
box  arranged  like  that  shown  in  Fig.  347  can  be  put  on  the 
pump.  The  spool  should  have  a  bore  equal  to  the  diameter 
of  the  rod,  or  a  trifle  larger,  and  the  outside  diameter  of  the 
spool  should  be  -^^  inch  less  than  the  inside  diameter  of  the 
stuffing-box.  The  length  of  this  spool  should  be  from  1  to 
2^  inches,  according  to  the  diameter  of  the  rod.  Care 
should  be  taken  that  the  spool  is  drilled  with  several  holes 
(marked  K),  so  that  any  leak  along  the  piston  rod  will 
easily  pass  up  through  these  holes  to  the  outer  circumfer- 
ence of  the  spool.  The  stuffing-box  is  drilled  and  tapped  at 
about  one-half  its  length  for  \  ox  ^  inch  pipe  at  H,  This 
pipe  connects  with  the  suction  side  of  the  pump.  All  that 
is  necessary  in  this  case  is  to  pack  the  portion  E  between 
the  spool  and  the  gland,  so  that  it  will  hold  against  the  suc- 
tion pressure.  The  portion  F  that  has  to  hold  against  the 
discharge  pressure  is  better  packed  with  a  packing  having 
very  little  friction.  Though  this  packing  may  not  be  per- 
fectly tight,  any  leakage  will  pass  along  the  rod  and  through 
the  holes  K  to  the  suction  side  of  the  pump,  through  the 
pipe  connection  at  H. 
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APPLICATIONS  OF  REFRIGERATION. 


1522.  The  principles  and  methods  of  refrigeration 
explained  in  this  Course  find  their  most  important  applica- 
tion in  the  manufacture  of  beer,  the  preservation  of  perish- 
able articles  (especially  victuals)  in  cold-storage  rooms  or 
boxes,  and  the  production  of  artificial  ice. 


BREWERY  REFRIGERATION. 


GENERAL  DESCRIPTION  OF  THE  PROCESS.-PROPERTIES 

OF  W^ORT. 

1523.  How  Beer  l8  Made. — The  making  of  beer 
consists  of  three  different  operations,  viz. :  {a)  the  prepara- 
tion of  malt  from  barley ;  (d)  the  preparation  of  wort  from 
malt ;  (c)  the  fermentation  of  wort  to  convert  it  into  beer. 

By  washing  specially  prepared  malt  with  hot  water,  a 
dilution  is  obtained  known  as  clear  wort.  This  is  boiled 
with  hops  in  a  copper  vessel,  and  the  resulting  product, 
which  is  the  beer  wort^  or  simply  ivorty  is  first  cooled  and 
then  converted  into  beer  by  adding  yeast,  which  causes  the 
chemical  decomposition  of  the  wort.  This  decomposition 
is  called  fermentation,  and  is  effected  in  large  vessels  placed 
in  rooms  cooled  by  refrigerating  machinery. 

1 524.  Properties  of  Wort. — Wort  consists  mainly  of 
saccharine  and  dextrine  dissolved  in  water.  The  strens^tti 
of  the  solution  is  measured  by  the  amount  of  solid  matter 
(that  is,  dextrine  and  saccharine)  it  contains.  It  is  deter- 
mined by  a  kind  of  hydrometer  known  as  a  Balling  sac- 
charometer,  so  graduated  that,  when  immersed  in  the 
liquid,  it  registers  the  percentage  of  solid  matter  the  liquid 
contains. 

The  following  table  gives  the  specific  gravity  and  the  spe- 
cific heat  of  wort  of  different  strengths: 
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TABLE    31. 


SPECIFIC  GRAVITY  AND  SPECIFIC  HEAT  OF  "WOUT 
AT  00»  F. 


Strength,  by  Ball- 
ing Saccharometer. 

Specific  Gravity. 

Specific  Heat 

8 

1.0320 

.944 

9 

1.0363 

.937 

10 

1.0404 

.930 

11 

1.0446 

.923 

12 

1.0488 

.916 

13 

1.0530 

.909 

14 

1.0572 

.902 

15 

1.0614 

.895 

16 

1.0657 

.888 

17 

1.0700 

.881 

18 

1.0744* 

.874 

19 

1.0788 

.867 

20 

1.0832 

.861 

For  any  other  temperature  /,  the  specific  gravity  s  is 
given  by  the  formula 


^  =  ^^^  +  .00015  (GO-/), 


(129.) 


in  which  s^^  is  the  specific  gravity  at  G0°,  as  given  in  the 
table.  If  /  is  greater  than  60,  the  factor  60  —  /  is  negative, 
which  means  that  /  —  60  should  be  multiplied  by  .00015,  and 
the  result  subtracted  from  s^^. 

Example. — What  is  the  specific  gravity  of  a  wort  of  18;^  strength, 
(a)  at  a  temperature  of  45"  ?    (d)  at  a  temperature  of  70**  ? 

Solution. — (a)  From  the  second  column  in  the  table  we  find  .fee  = 
1.0744.     Here  /  =  45,  and  formula  129  gives 

s  -  1.0744  -h  .00015(60  -  45)  =  1.0744  +  .00015  X  15  =  1.0767.     Ans. 

{b)  Here  /  =  70%   and  60  —  /=  —  10.     The  same  formula  gives  s  = 
1.0744  -  .00015  X  10  =  1.0729.     Ans. 
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THB  COOLING  OPERATIONS. 

1525.  Ends  to  be  Attained. — In  the  refrigeration 
of  breweries,  there  are  three  things  to  be  accomplished,  viz. : 
(1)  cooling  the  wort,  (2)  removing  the  heat  of  fermenta- 
tion, and  (3)  cooling  off  the  cellars,  fermenting  rooms,  etc., 
to  a  temperature  of  between  34°  and  38°  F. 

1526.  Coolina:  the  Wort. — The  wort  is  taken  from 
the  brew  kettle  at  a  temperature  of  about  200°  and  drawn 
into  large  shallow  iron  tanks  C  (Fig.  353)  open  to  the  air. 


Pig.  853. 

where  it  cools  to  a  temperature  of  about  110°  in  from  2  to 
3  hours.  From  there  it  is  allowed  to  trickle  over  a  Baudelot 
cooler,  which  consists  of  two  coils  A  and  B^  one  under  the 
other,  kept  at  a  low  temperature  in  order  to  cool  the  wort. 
Water  at  a  temperature  of  about  60°  is  kept  circulating  in  the 
upper  coil  A,  The  lower  coil  is  kept  at  a  still  lower  tem- 
perature by  the  circulation  of    either  ice-water  or  brine. 
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taken  from  the  brine  tank  through  the  pipe  G  and  returned 
to  the  same  tank  through  a  pipe  //.  Another  way  of  cool- 
ing the  coil  B  is  to  connect  it  with  the  refrigerating-machine 
through  the  pipe  G  and  use  it  as  an  expansion  coil.  When, 
after  running  over  the  two  coils  of  the  cooler,  the  wort 
reaches  the  pan  K,  where  it  is  collected,  its  temperature  is 
reduced  to  about  40°. 

When  brine  is  used  in  the  Baudelot  cooler,  the  coils  are 
usually  made  of  copper  tinned  over.  If  the  lower  coil  is 
used  as  an  expansion  coil,  it  is  made  of  polished  steel  pipe. 

1527.  Refrigeration  Required  for  Cooling 
Wort.  —  The  capacity  of  a  brewery  is  usually  expressed 
by  the  number  of  31.5-gallon  barrels  brewed  per  day  of 
24  hours.  Let  this  number  be  denoted  by  b.  Also,  let  g 
be  the  specific  gravity  of  the  wort,  s  its  specific  heat,  T  its 
temperature  after  leaving  the  upper  coil  of  the  cooler,  /  the 
temperature  to  which  it  must  be  reduced  in  trickling  over 
the  lower  coil,  and  H  the  number  of  B.  T.  U.  required  to 
effect  this  reduction  of  temperature.  The  value  of  7"may  be 
taken  equal  to  the  temperature  of  the  water  in  the  upper 
coil.  The  weight  of  31.5  gallons  of  water  being  262.4 
pounds,  that  of  one  barrel  of  wort  is  262.4^.     Therefore, 

H=%iy2A  gbs{T-t).  (130.) 

If  F'xs  the  number  of  tons  of  refrigeration  corresponding 
to  this  heat,  we  have  (formula  109) 

The  values  of  g  and  s  are  taken  from  tables,  assuming  a 
mean  temperature  =  ^  ( T~{-  /).  Taking  T=  70^  /  =  40°., 
gz^  1.05,  and  s  =  .91,  the  preceding  formula  becomes 

F=  .0000197  X  1.05  X  .91  X  30  ^  =  .02036  b  = -^^  b,  nearly. 

(132.) 

If  in  this  formula  we  make  /^=  1,  we  get  ^  =  38;  that  is, 
1  ton  of  refrigerating  effect  will  cool  38  barrels  of  wort 
from  70°  to  40°. 
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Example. — (a)  How  many  barrels  of  wort  can  be  cooled  in  24  hours 
from  70*  to  40%  the  refrigerating  effect  being  6.5  tons?  (d)  What 
must  be  the  refrigerating  effect  of  a  cooler  that  it  may  cool  275  barrels 
of  wort  a  day  from  75"*  to  40°  ? 

Solution. — (a)  From  formula  1 32  we  get 

3  =  38  F=z  38  X  6.5  =  247  barrels.    Ans. 
(^)  Taking  ^  =  1.05  and  s  =  .9,  formula  131  gives 

/•=  .0009197  X  1.05  X  275  X  .9  (75  -  40)  =  8.4  tons.     Ans. 

1528.  Heat  of  Fermentation, — After  leaving  the 
Baudelot  cooler,  the  wort  is  pumped  into  large  vats  or  tanks 
placed  in  the  fermenting  room,  where  yeast  is  added  to  it 
in  order  to  start  and  keep  the  process  of  fermentation. 
This  room  is  kept  at  a  temperature  of  about  40°.  As  the 
wort  in  the  tubs  ferments,  it  gives  off  a  certain  amount  of 
heat.  This  heat  is  removed  by  means  of  attemperators, 
which  are  coils  of  iron  pipe  suspended  in  the  fermenting 
tubs  and  kept  at  a  low  temperature  by  cooled  water  or 
brine  made  to  circulate  in  them.  The  diameter  of  each 
coil  is  about  two-thirds  the  diameter  of  the  fermenting 
tub.  The  coils  should  have  enough  turns  to  give  about  12 
square  feet  of  cooling  surface  for  every  100  barrels  of  wort. 


1529.  Refrlsreratlon  Required  to  Remove  the 
Heat  of  Fermentation, — The  number  1/  of  B.  T.  U. 
necessary  to  dispose  of  the  heat  of  fermentation  of  n  barrels 
of  wort  is  determined  by  the  following  formula: 

11=  3n  {s-  s')  (259  +  s).  (133.) 

In  this  formula,  s  is  the  strength  of  the  unfermented  wort 
and  s'  the  strength  of  the  fermented  wort  (the  beer),  both 
as  given  by  a  Balling  saccharometer.  The  corresponding 
number  F  of  tons  of  refrigeration  is 

^=  '"^'~2S5jm^'^  =  •''^''''  "  <^  -  ^')  <^««  +  ^)- 

(134.) 
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A  rough  approximation,  which  is  sufficiently  close  for 
many  purposes,  as  for  general  estimates,  is  obtained  by  ta- 
king s  =  14 and  s'  =  4,  in  which  case  the  value  of  /^becomes 

F  =  .  028 ;/  =  ~  nearly.  ( 1 35.) 

If  in  this  formula  we  make  /^=  1,  we  get  n  =  36,  which 
shows  that  to  remove  the  heat  of  fermentation  1  ton  of 
refrigerating  capacity  is  required  for  every  36  barrels  of 
beer.  This  applies  to  strong  beers.  For  weak  beers,  1  ton 
of  refrigerating  capacity  may  suffice  for  50  or  60  barrels. 
For  rough  and  preliminary  estimates,  25  barrels  are  usually 
allowed  per  ton  of  refrigerating  capacity. 

1530*  Cooling  the  Cellars. — After  the  process  of 
fermentation  is  completed,  the  beer  is  drawn  off  from  the 
various  fermenting  tubs  into  the  storage  cellars,  where  it  is 
ready  to  settle  and  age.  These  cellars  are  cooled  by  means 
of  coils  of  pipe  placed  on  either  the  ceiling  or  the  side  walls, 
and  whose  temperature  is  kept  down  either  by  using  them 
as  expansion  coils  or  by  allowing  a  current  of  brine  to  cir- 
culate through  them.  The  amount  of  refrigeration  required 
for  this  purpose  depends  greatly  on  the  manner  in  which  the 
rooms  are  insulated,  as  will  be  explained  presently.  With 
the  ordinary  insulation  generally  used,  1  ton  of  refrigeration 
may  be  allowed  for  every  10,000  to  14,000  cubic  feet  of 
storage  room,  where  the  temperature  is  kept  at  between  32° 
and  38°.  This  applies  to  large  breweries.  In  breweries  of 
50,000  cubic  feet  or  under,  about  5,000  to  7,000  cubic  feet 
per  ton  of  refrigeration  should  be  allowed. 


INSULATION  OF  ROOMS. 
1531.  Object  of  Insulation. — The  object  of  insula* 
ting  a  cold-storage  or  freezing  room  is  to  prevent  it  from 
taking  in  heat,  either  by  radiation,  by  conduction,  or  by 
convection.  The  less  the  heat  is  that  enters  a  room  from 
the  outside,  the  less  will  be  the  work  required  to  cool  it. 
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Consequently,  if  a  room  is  well  insulated,  a  smaller  refriger- 
ating capacity  is  required  to  keep  it  at  the  necessary  temper- 
ature than  when  the  room  is  poorly  insulated.  This  means 
that  less  fuel  will  have  to  be  expended  to  cool  the  space. 
The  economic  importance  of  insulation  is  therefore  mani- 
fest. 

1 532*  Insulators  Used. — For  the  purpose  of  insula- 
tion, rooms  are  divided  into  damp  rooms  and  dry  rooms. 
Brewery  refrigerating  rooms  and  ice^storage  houses  are 
examples  of  the  former  class  of  rooms;  while  cold-storage 
and  freezing  warehouses  would  come  under  the  latter  class. 

The  ordinary  insulating  materials  are  wood  and  paper. 
The  latter,  however,  is  not  well  adapted  to  the  insulation  of 
damp  rooms,  where  it  is  not  durable.  In  late  years  this 
class  of  rooms  has  been  insulated  largely  by  means  of  hol- 
low brick  walls  containing  from  one  to  three  air-spaces.  To 
make  the  air-spaces  more  perfect,  the  walls  are  covered  with 
a  coat  of  either  pitch  or  paraffin  wax.  This  method  of 
insulating  is  found  to  be  very  efficient  for  comparatively 
high  temperatures,  such  as  are  required  in  breweries  and 
packing  houses,  and  is  not  nearly  so  liable  to  contract  mold 
or  mildew  as  wood  is. 

Dry-storage  rooms  have  always  been  insulated  with  wood 
and  paper,  with  air-spaces,  or  air-spaces  filled  with  some 
filling  material,  such  as  sawdust,  planing-mill  shavings,  min- 
eral wool,  cork,  wood-ashes,  cinders,  etc. 

1533.  Alr-Spaces. — The  best  and  cheapest  non-con- 
ductor is  air,  but  in  order  to  make  it  efficient,  it  is  necessary 
to  make  a  **dead  air-space,"  that  is,  so  to  inclose  the  air  on 
all  sides  as  to  prevent  its  motion ;  otherwise  there  would  be 
air-currents,  by  which  a  great  deal  of  heat  would  be  con- 
veyed from  the  outside  to  the  rooms.  For  this  reason,  brick 
walls  are  pitched  or  covered  with  paraffin,  and  when  wood 
is  used  instead  of  brick,  paper  is  laid  between  boards  so  as 
to  prevent  the  escape  of  the  air  confined  in  the  air-spaces. 

In  making  an  air-space  with  boards,  it  is  always  best  to  use 
double  boards  with  paper  in  between,  the  double  boarding 
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with  paper  making  it  almost  impossible  for  the  air  to  pass 
through.  Such  construction,  however,  is  comparatively 
expensive,  and  a  single  thickness  of  board  with  the  air-space 
filled  with  some  good  non-conducting  material  answers  the 
purpose  fairly  well.  In  choosing  a  filling  material,  the 
points  to  be  considered  are  the  following:  (1)  That  it 
should  be  a  good  non-conductor;  (2)  that  it  should  not  be 
too  heavy,  as  then  it  is  liable  to  settle  and  leave  a  portion 
of  the  top  insulation  unprotected ;  (3)  that  it  should  not  be 
affected  by  dampness  to  any  appreciable  extent;  and  (4) 
that  it  should  not  be  too  expensive. 

1 534.  FllHngr  Material. — The  best  non-conductor  and 
insulator  for  filling  an  air-space  is  granulated  cork,  but  this, 
being  very  expensive,  is  seldom  used;  it  is  light,  is  not 
affected  by  dampness,  and  consequently  does  not  mold  or 
rot.  Several  years  ago,  mineral  wool,  sometimes  called  slag 
wool,  was  used  extensively  for  filling  air-spaces.  This  is  a 
mineral  fiber  and  is  made  by  blowing  steam  through  iron 
slag  when  it  is  in  a  molten  state.  The  product  is  a  fluffy, 
woolly  substance,  quite  similar  in  appearance  to  very  coarse 
cotton.  It  forms  an  excellent  non-conductor,  and  if  the  best 
quality  is  purchased  is  quite  light,  weighing  about  7  pounds 
per  cubic  foot,  and  does  not  readily  settle;  but  it  is  easily 
affected  by  moisture,  and  then  becomes  quite  soggy  and  set- 
tles rapidly.  Where  high  headroom  is  available,  it  is  always 
best  to  put  horizontal  strips  half  way  up  the  filling-in  spaces, 
so  as  to  divide  the  filling  into  two  sections.  This  will  take 
half  of  the  weight  off  the  filling  and  prevent  its  settling. 
For  practical  purposes,  planing-mill  shavings  form  the  best 
insulating  filling.  These  are  pressed  in  bales  and  can  be 
bought  at  very  reasonable  rates.  They  are  thoroughly  dry 
and  are  little  affected  by  dampness.  Planing-mill  shavings 
are  much  better  than  sawdust,  being  a  poorer  conductor, 
less  easily  affected  by  moisture,  and  less  liable  to  settle. 

1635.  Table  32  gives  a  list  of  the  best  non-conductors 
and  their  relative  values  as  insulators. 
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TABLE   32, 


HBAT  TRANSMITTED  THROUGH  MATERIALS  OF  THE 
SAME  AREA   AND  THICKNESS. 

Pine 100 

Mineral  Wool 80 

Granulated  Cork 65 

Wood-Ashes 50 

Sawdust 55 

Charcoal  (powdered) 65 

Cotton 35 

Paper 25 

1536.  Insulating  Paper. — There  are  two  first-class 
insulating  papers  now  made  in  this  country,  one  known  as 
the  P.  and  B.  paper,  made  by  the  Standard  Paint  Company, 
and  the  other  known  as  the  Neponset  paper.  These  papers 
are  water-proof  and  entirely  odorless.  This  latter  point  is 
quite  essential,  particularly  in  cold-storage  warehouses, 
where  the  slightest  odor  is  liable  to  affect  the  goods  in  stor- 
age. The  P.  and  B.  paper  is  made  in  three  qualities,  known 
as  the  **  Universal  P.  and  B.,*'  the  **  Giant,"  and  the  **Two. 
ply  P.  and  B."  The  latter  paper  is  found  to  be  quite  satis- 
factory for  insulating  purposes,  and  is  not  so  expensive  as 
the  Giant. 

1 537.  Details  of  Insulation. — Fig.  354  shows  details 
of  a  system  of  insulation  which  has  been  found  quite  satis- 
factory for  cold-storage  work.  The  various  parts  and  mate- 
rials are  properly  marked,  and  the  figure  does  not  require 
any  explanation. 

Spruce  is  usually  found  to  be  the  most  satisfactory  wood 
for  insulating  cold-storage  rooms,  as  it  does  not  possess  the 
odor  of  white  or  yellow  pine. 

Upon  completion,  insulated  walls,  particularly  in  beef 
rooms,  are  oftdn  given  a  coat  of  varnish,  but  in  cold-storage 
rooms  whitewash  is  used,  as  a  second  coat  of  whitewash  can 
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always  be  easily  applied,  thereby  thoroughly  cleansing  the 
walls  and  sweetening  the  atmosphere  of  the  room. 

In  buildings  where  iron  construction  is  used,  the  wrought- 
iron  or  hollow  cast-iron  columns   which    pass  through  the 
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Fig.  854. 

rooms  should  be  insulated  very  carefully  to  prevent  any  con- 
duction. 

In  all  the  foregoing  illustrations  it  will  be  noticed  that  in 
case  of  brick  walls  an  air-space  is  generally  made  by  tacking 
strips  to  the  wall.  The  object  is  to  allow  any  moisture  that 
may  accumulate  on  the  wall  to  run  down  the  face  of   the 
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wall  all  the  way  through  to  the  cellar,  without  injuring  the 
insulation  of  the  building.  It  is  advisable  to  have  a  sill  or 
plate  at  the  foot  of  the  insulator,  around  the  walls  of  the 
room,  to  keep  the  insulation  from  getting  wet  when  the  floor 
is  washed. 

1 538.  Insulation  of  Exposed  Surfaces. — Exposed 
pipes  or  other  surfaces  through  which  a  refrigerating  me- 
dium is  passing  will  soon  be  covered  with  frost.  This  is 
due  to  the  moisture  in  the  atmosphere  being  deposited  on 
the  pipe  and  then  frozen.  To  thoroughly  insulate  such  sur- 
faces, it  is  not  only  necessary  to  keep  the  heat  from  passing 
through  them,  but  to  keep  the  air  out ;  in  other  words,  to 
make  the  insulation  perfectly  air-tight.  It  is  also  necessary 
to  have  the  insulation  consist  of  such  substance  as  will  not 
readily  be  injured  by  moisture.  Hair  felt  was  largely  used 
in  former  years ;  this  was  wrapped  around  the  pipe  and  then 
covered  with  paper ;  then  more  felt  and  more  paper,  and  so 
on  for  several  layers;  then  the  whole  was  sewed  in  a  canvas 
envelope  and  covered  with  several  coats  of  good  water-proof 
paint.  Such  insulation  is  found  to  be  comparatively  effi- 
cient and  will  last  several  years,  but  eventually  the  air  will 
work  through  the  hair  felt,  and  then  the  pipes  will  begin  to 
sweat,  and  if  left  long  enough,  freeze. 

The  **  Voorhees  **  covering  is  a  much  better  insulation.  It 
is  made  by  soaking  the  hair  felt  in  boiling  resin  and  is 
applied  to  the  pipe  while  the  resin  is  still  hot  enough,  so  that 
the  sheets  of  felt  can  be  easily  molded  to  the  shape  of  the 
pipe.  These  sheets  are  tied  fast  with  heavy  twine;  two  lay- 
ers of  the  covering  are  applied,  and  after  the  resin  has  cooled 
and  set  the  string  is  cut  off.  This  insulation  is  probably  the 
best  on  the  market,  but  is  very  expensive,  except  in  large 
quantities,  as  it  is  necessary  to  prepare  it  on  the  spot. 

The  best  sectional  insulation  is  the  Nonpareil  Cork  cover- 
ing, which  consists  of  granulated  cork  soaked  in  a  composi- 
tion and  molded  up  in  the  form  of  sectional  insulation 
similar  to  magnesia  sectional  steam-pipe  covering.  Two 
layers  of  this  are  applied  so  as  to  break  joints,  and  the  whole 
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is  given  a  coat  of  rubber  cement,  which  makes  it  practically 
air-tight. 

In  case  of  large  brine  mains  that  are  boxed  or  laid  under 
ground,  a  mixture  of  ground  cork  and  pitch  is  found  to  give 
very  satisfactory  results.  The  pitch  is  first  melted,  then 
the  cork  is  mixed  with  it,  and  the  mixture  is  poured  over  the 
pipes  and  well  tamped  around  them. 


COLD  STORAGE. 


COLD-STORAGC  1VARBHOU8B8. 

1539.  Object   of    Cold -Storage    Warehouses. — 

Cold-storage  warehouses  are  used  for  the  preservation  of 
perishable  goods  by  means  of  a  low  temperature,  which  pre- 
vents decay.  The  goods  are  placed  in  rooms,  and  there  kept 
sometimes  for  months,  separate  rooms  being  usually  neces- 
sary for  different  kinds  of  goods,  not  only  because  different 
substances  often  act  on  and  affect  one  another,  but  also 
because,  as  experience  shows,  they  require  different  tempera- 
tures for  their  preservation. 

1540.  Conditions  to    be    Maintained.  —  For   the 

proper  preservation  of  goods,  it  is  necessary  (1)  that  the  air 
should  be  often  renewed ;  (2)  that  the  air  should  have  the 
proper  amount  of  moisture;  (3)  that  the  temperature  should 
remain  within  certain  limits. 

The  first  requisite  is  obtained  by  a  proper  system  of  ven- 
tilation, to  be  described  later;  the  second  by  a  careful  use 
of  the  hygrometer  and  psychrometer  for  ascertaining  the 
relative  humidity  of  the  air,  care  being  taken  not  to  have  the 
air  too  dry,  as  this  may  result  in  the  evaporation  of  the  goods, 
nor  too  damp,  as  this  will  cause  mold  or  must.  The  amount 
of  moisture  that  air  can  contain  increases  with  the  tempera- 
ture. If  when  the  air  enters  the  room  it  is  very  damp,  some 
of  the  moisture  will  be  precipitated  as  the  temperature  falls, 
and  adhere  to  the  pipes,  where  it  will  freeze.  Care  should  be 
taken  to  keep  the  pipes  as  free  from  this  frost  as  possible. 
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The  temperature  is  controlled  by  the  refrigerating- 
machine.  For  regular  public  cold  storage,  the  brine-circula- 
tion system  has  in  general  been  found  somewhat  superior  to 
the  direct-expansion  system.  The  latter  has  often  been  tried, 
but  has  been  abandoned  in  some  cases,  owing  to  the  risk  of 
the  ammonia  leaking  and  to  the  difficulty  in  maintaining 
a  steady  temperature. 

1 541.  General  Design. — The  majority  of  public  cold- 
storage  warehouses  are  built  of  brick  or  stone  and  prefera- 
bly of  the  slow-burning  mill  construction,  the  best  design 
being  that  of  the  perfect  cube,  as  this  gives  the  least  exposed 
wall  and  roof  area  for  the  greatest  cubical  contents.  In  order 
to  avoid  the  heat  from  the  boiler  and  engine, they  are  placed  in 
a  separate  building  adjoining  the  main  storage  building.  As 
a  rule,  the  freezing  rooms  are  placed  together  on  the  lower 
floors  of  the  building,  the  cellar  being  often  used  for  keep- 
ing frozen  fish,  etc.  Such  rooms  have  concrete  floors,  and 
the  ground  under  these  floors  is  frozen  through  for  several 
feet,  owing  to  the  constant  low  temperature  maintained  in 
the  rooms. 

It  is  bad  practice  to  place  the  freezing  rooms  above  cold- 
storage  rooms,  as,  in  spite  of  the  best  insulation,  the  ceiling 
of  the  cold-storage  rooms  will  sweat,  owing  to  the  cold 
striking  through  the  floor  of  the  freezing  room  and  the 
moisture  in  the  air  of  the  cold-storage  room  naturally  con- 
densing on  these  cold  surfaces. 


RBFRIGBRATION  RCQUIRCD. 

1 542.  The  refrigeration  required  for  cold-storage  rooms 
may  be  divided  into  two  parts,  viz. :  (1)  that  required  to 
keep  the  room  at  the  required  temperature,  by  preventing 
radiation  through  the  walls;  (2)  that  required  to  cool  the 
articles  brought  in  the  room  from  their  temperature  to  the 
temperature  of  the  room. 

1 543.  Refrisreration  Required  to  Keep  the  Tem" 
perature  of  the  Room. — The  refrigeration  required  to 
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keep  the  room  at  a  constant  temperature  is  computed  by 
means  of  the  following  general  formula: 

H=cA  i^-^X  (136.) 

in  which  //=  B.  T.  U.  of  refrigeration  required  to  maintain 
a  given  space  at  a  certain  temperature  /,,  when  this  space  is 
separated  from  another,  in  which  the  temperature  is  /,  by  a 
surface  whose  area  in  square  feet  is  A  ;  and  c  =  constant 
depending  upon  the  material  and  thickness  of  the  substance 
separating  the  two  spaces.  The  value  of  the  constant 
generally  varies  between  2  and  5.  For  rough  estimates,  it 
may  be  taken  as  equal  to  3. 

The  preceding  refrigeration  may  be  reduced  to  tons  by 
dividing  by  285,300;  that  is,  the  amount  Foi  refrigeration, 
expressed  in  tons,  is 

^=  ^185,300^  =  .000003505^^  (/ -t,).  (137.) 

1544.  Table  33  contains  values  of  c  as  given  in  Siebel's 
Mechanical  Refrigeration, 

For  double  floors  and  ceilings,  air-tight  and  well  filled,  so 
as  to  prevent  the  ingress  of  air,  c  may  be  taken  as  2.  When 
a  room  is  separated  from  the  outside  by  a  hermetically  closed 
air-space  between  two  walls,  the  value  of  c  for  the  outside 
wall  may  be  used  in  the  formula,  but  instead  of  the  tempera- 
ture /„  a  mean  should  be  taken  between  /,  and  /,  which  is 
equivalent  to  using  \  {t  —  /,)  instead  of  /  —  /,. 

For  a  wall  consisting  of  several  materials,  the  coefficient  c 
may  be  found  from  the  formula 

^  =  -T T \ ,  (138.) 

^i     ^,     ^« 

in  which  ^„  ^„  i„  etc.,  are  the  thicknesses,  and  r„  r„  r„  etc., 
the  corresponding  values  of  c  for  the  several  materials  com- 
posing the  wall. 

In  large  cold-storage  warehouses  of  250,000  cubic  feet  or 
over,  1  ton  of  refrigeration  will  maintain  10,000  cubic  feet  of 
well-insulated  space  at  a  temperature  of  30°,  and  5,000  cubic 
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TALrVBS  OF  THE  COEFFICIENT  c  IN  FORMULA   137. 

Partition. 

Thickness, 
Inches. 

c. 

Single  Windows 

12 
12 
12 
12 
12 
12 
12 
12 

9 
14 
18 
27 
36 
•       6 
12 
18 
24 
30 
36 

12.0 

Double  Windows 

7.0 

Pine  Wood 

2.0 

Mineral  Wool 

1.6 

Granulated  Cork 

1.3 

Wood-Ashes 

1.0 

Sawdust 

1.1 

Charcoal  (powdered) 

Cotton 

1.3 

0.7 

Soft  Paper  Felt 

0.5 

Brick 

5.5 

n 

4.5 

<( 

3.6 

l( 

3.0 

i( 

2.6 

(t 

2.2 

Stone  (masonry) 

6.2 

(( 

5.5 

a 

5.0 

it 

4.5 

<i 

4.3 

It 

4.1 

feet  at  15**.  In  small  warehouses  of  50,000  to  100,000  cubic 
feet  capacity,  1  ton  of  refrigerating  effect  will  maintain 
6,000  cubic  feet  at  cold-storage  temperatures  and  3,000  at 
freezing  temperatures.  These  figures  do  not  include  the 
refrigeration  required  to  cool  the  goods. 

1545.     Refrigreratlon  Required  to  Cool  the  Arti- 
cles.— The  amount  of  refrigeration  required  to  reduce  the 
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goods  from  their  temperature  /  to  the  temperature  /,  of  the 
room  is  given  by  the  formulas 

N  =  («'.  s,  +  w,s,  +  «',  J.  +  .  •  •  • )  (/  -  /.),  (139.) 

385,300 
,000003505  {zc^^s^  +  zu^s^  +  w^s^  +  ,  .   .  .)(/-/,),      (140.) 

in  which  iv^,  w^,  etc.,  are  the  weights  in  pounds  of  the  dif- 
ferent kinds  of  produce  to  be  cooled,  j„  s^,  etc.,  their  corre- 
sponding specific  heats,  and  //  and  /^are  refrigeration  units 
in  B.  T.  U.  and  tons  of  refrigeration,  respectively. 

1546.  The  following  table  contains  the  specific  heats 
of  several  articles,  together  with  their  latent  heats  of 
freezing: 

TABLE  34. 


SPBCIFIC  HBAT  AND  LATENT  HEAT  OF  FREEZING 
OF  VICTUALS. 


Substance. 

Specific  Heat. 

Latent  Heat  of 
Freezing,  B.  T.  U. 

Beef 

.80 
.70 
.80 
.CO 
.75 
.90 
.70 
.90 
.85 
.80 
.85 
.80 

110 

Veal 

90 

Mutton 

110 

Pork 

72 

Eirsfs 

100 

Vegetables 

125 

Cream  . . 

----.--.-.....-._ 

90 

Milk 

125 

Fish 

115 

Lobster 

100 

Oysters. 

115 

Chicken 

110 
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Example.— Find  the  refrigeration  required  for  a  room  85'  X  50'  X  12' 
in  which  are  placed  25,000  pounds  of  beef  daily,  the  temperature  of 
the  meat  being  95**,  that  of  the  atmosphere  70%  and  that  of  the 
rooms  35°. 

Solution. — (1)  The  refrigeration  required  to  keep  the  room  at  85" 
is  given  by  formula  1 37.     Here  we  have 

Area  of  walls  =  2x35x12  +  2x50x12  =  2,040  sq.  ft. 
Area  of  floor  and  ceiling  =  2  X  85  X  50  =  3,500  sq.  ft. 

^4  =  5,540  sq.  ft. 
The  values  of  /  and  A  are  70"*  and  85'*,  respectively,  and  therefore 
/  —  /,  =  35.     Taking  the  value  of  r  =  8,  the  formula  gives 

^=  .000003505  X  3  X  5,540  X  35  =  2.04  tons. 

(2)  The  amount  of  refrigeration  required  to  cool  the  beef  to  the 
temperature  of  the  room  is  given  by  formula  140.  Here  /  =  95°. 
/,  =  35%  /  -  /,  =  60,  Wx  —  25,000,  s^  =  .8  (see  Table  34),  and  since 
there  is  no  other  article,  the  terms  zc/,  Ja,  ^'s  Ja,  etc.,  are  left  out;  hence, 

F=  .000003505  X  25,000  X  .8  X  60  =  4.21  tons. 

The  total  amount  of  refrigeration  required  is,  therefore, 

2. 04  +  4. 21  =  6. 25  tons.     Ans. 


METHODS  OF    COOLING  STORAGE  ROOMS. 

1 547.  General  Considerations  —  Tlie  Tliree 
Mettiods  of  Coolingr  Generally  Used.  —  The  first 
requirement  of  a  cold-storage  room  is  good  insulation.  The 
best  methods  and  materials  for  insulation  have  already  been 
described.  All  windows  and  other  openings  by  which  light 
is  admitted  to  the  room  should  be  closed  with  light-tight 
shutters,  so  as  to  prevent  any  daylight  from  entering.  If 
this  is  not  done,  radiant  heat  will  enter  the  room.  Such 
windows  can  be  closed  with  large  shutters  on  the  inside, 
similar  to  ice-house  doors,  which  can  be  opened  for  ventila- 
tion when  desired.  A  cold-storage  room  should  be  pro- 
vided with  some  means  of  ventilation,  so  that  the  rooms 
can  be  thoroughly  sweetened  and  the  air  renovated  between 
seasons,  when  the  rooms  are  not  in  use.  Modern  houses 
are  equipped  with  a  ventilating  device,  to  be  presently 
described,  which  permits  of  the  ventilation  of  a  cold-storage 
room  while  in  use. 
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There  are  three  methods  employed  at  present  for  main- 
taining the  temperatures  of  cold-storage  and  freezing  rooms. 
The  first  is  by  means  of  direct  radiation,  where  the  brine 
pipes  are  run  in  the  room  and  the  brine  is  allowed  to  circu- 
late through  them.  This  was  the  original  system  and  is 
the  simplest  and  cheapest  one  to  install.  The  second  is  by 
indirect  radiation,  where  the  pipe  coils  are  place  in  a  coil 
bunker  on  the  upper  floor  and  the  air  is  allowed  to  fall  to 
the  floors  below  by  gravity,  and  on  being  warmed  is  returned 
to  the  coil  bunker  by  means  of  flues  or  ducts  arranged  for 
that  purpose.  The  third  and  most  approved  method  of 
cooling  is  by  means  of  a  fan  or  blower,  which  sets  the  air 
in  circulation.  This  system  is  quite  similar  to  the  blower 
system  of  heating  and  ventilating.  It  consists  of  a  fan  or 
blower,  which  draws  the  air  from  the  cold-storage  rooms, 
blows  it  through  a  system  of  pipe  coils,  and  then  delivers 
the  cold  air  back  to  the  cold-storage  room  by  means  of  ducts 
arranged  specially  for  the  purpose. 

1 548.     Direct  Radiation. — In  this  method  of  cooling, 


Fig.  &55. 


the  most  important  feature  is  the  arrangement  of  the  pipe 
coils.     These  coils  should  be  kept  away  from  the  wall  at 
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least  6  inches  by  means  of  furring  studs  nailed  fast,  on 
which  the  pipe  hangers  carrying  the  coils  are  fastened. 
This  allows  a  circulation  of  air  between  the  coils  and  the 
wall  and  prevents  the  frost  from  reaching  the  insulation  in 
case  of  a  heavy  coating.  There  should  be  at  least  two  coils 
to  a  room,  and  if  possible  more,  so  that  the  temperature 
can  readily  be  regulated  by  means  of  cocks  or  valves  pro- 
vided on  the  inlets  and  outlets  of  these  coils.  The  usual 
method  is  to  allow  the  brine  to  enter  the  bottom  of  the  coil 
and  come  out  of  the  top,  the  outlet  near  the  top  being  pro- 
vided with  an  air-cock  for  the  removal  of  air. 

Fig.  355  shows  a  cold-storage  room  with  the  door  at  one 
end  and  provided  with  two  coils  of  the  return-bend  pat- 
tern.    The  inlet  to  the  coils  is  shown  at  B,     The  outlet  is 


Fig.  856. 


provided  with  a  cock  C  and  an  air- valve  D,  These  are  both 
quite  near  the  door,  so  that  if  the  room  is  well  filled  with 
goods,  the  floors  can  be  readily  cut  out  for  the  purpose  of 
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regulating  the  temperatures  and  also  closing  off  the  coils 
in  case  of  a  leak.  Fig.  356  shows  several  methods  of  coil 
connections  in  detail.  The  upper  coil  should  be  as  close  to 
the  ceiling  as  possible,  so  as  to  prevent  any  chances  of  a 
warm-air  pocket  lying  next  to  the  ceiling.  In  case  a  girder 
passes  through  the  room,  it  is  best  to  elbow  the  first  and 
second  pipes  under  it,  so  as  to  thoroughly  cool  the  upper 
portion  of  the  room.  The  arrangement  of  the  coils  should 
be  such  that  all  portions  of  the  room  will  be  equally  cooled 
by  each  coil.  In  very  large  rooms  this  is  impossible,  but 
ordinarily  the  coils  run  around  all  the  walls  of  the  room  so 
as  to  permit  this.  Drip-pans  should  be  provided  under  the 
coils  for  catching  the  melted  frost  when  the  coils  are  shut 
off.  The  latter  should  drain  into  a  tub  or  barrel  at  one  end. 
It  is  best  not  to  connect  these  drip-pans  into  a  series  of 
drain-pipes,  as  these  connections  are  liable  to  freeze  up  in 
being  carried  through  freezing  rooms;  and  even  if  kept 
clear,  they  let  in  from  outside  a  certain  amount  of  warm  air 
laden  with  moisture.  The  temperature  in  the  room  is  reg- 
ulated by  either  closing  off  or  partially  throttling  the  outlets 
to  the  various  coils.  In  throttling  the  outlet,  the  coil  is 
kept  full  of  brine,  and  there  is  no  opportunity  for  air  to 
accumulate,  as  there  is  in  case  of  the  inlet  being  throttled. 
l|-inch  full-weight  black  iron  pipe  is  commonly  used  for 
brine  circulations.  If  the  brine  temperature  is  0°,  1  lineal 
foot  of  pipe  per  15  cubic  feet  will  give  a  temperature  of  30"; 
1  lineal  foot  of  pipe  per  6  cubic  feet  will  give  a  tempera- 
ture of  10°,  and  1  lineal  foot  of  pipe  per  3  cubic  feet  will  give 
a  temperature  of  7°.  With  15°  brine,  1  lineal  foot  of  pipe 
per  10  cubic  feet  will  give  30°,  and  1  lineal  foot  per  4  cubic 
feet  will  give  20°. 

As  a  rule,  all  freezing  rooms  are  equipped  with  direct 
piping,  as  there  is  no  objection  to  the  goods  being  near  the 
pipes,  and  an  exact  temperature  is  not  necessary,  two  or 
three  degrees  variation  having  no  effect  on  the  quality  of 
the  goods.  For  ordinary  purposes,  such  as  the  keeping  of 
tierced  meats,  butter,  etc.,  direct-piped  rooms  may  be  used; 
but  for  good  results  in  keeping  fruit,  cheese,  eggs,  etc.,  the 
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indirect  method  or  forced-air  circulation  is  recommended. 
In  case  a  house  is  already  piped  with  direct  radiation,  this 
can  be  modified  so  that  it 
will  give  the  same  results  as 
indirect  radiation,  by  put- 
ting aprons  over  the  coils, 
as  shown  in  Fig.  357,  which 
represents  a  section  of  the 
room,  on  the  walls  of  which 
are  placed  2'  X  6'  planks  A 
carrying  the  coils  of  the 
pipe  B,  These  are  pro- 
vided with  a  drip-pan  C, 
In  front  of  these  coils,  a 
number  of  2'  X  4"  studs  E 
are  fastened,  and  to  these  ^^°'  ^^' 

are  nailed  the  boards  D;  the  studs  are  toenailed  to  the 
ceiling.  A  false  ceiling  /%  slanted  slightly  towards  the 
coils,  is  built  a  few  inches  below  the  ceiling  of  the  room. 
This  arrangement  creates  a  natural  circulation  or  draft,  as 
shown  by  the  arrows.  The  warm  air  passing  to  the  top  of 
the  room  is  cooled  by  means  of  the  coils,  falls  back  of  the 
aprons  Z>,  and  goes  out  of  the  opening  at  the  bottom.  With 
this  arrangement  and  proper  temperatures,  eggs  may  be 
carried  with  results  almost  as  good  as  those  of  a  forced-cir- 
culation house,  and  better  than  those  of  an  indirect-radiation 
house,  the  only  disadvantage  being  that  the  coils  are  in  the 
same  room ;  but  if  these  are  carefully  attended  to  and  the 
drip-pans  are  kept  clean  and  empty,  the  results  will  be  as 
satisfactory  as  those  obtained  by  the  indirect  method. 

1549.  Indirect  Radiation. — Fig.  358  shows  the  sec- 
tion and  Fig.  359  a  plan  of  a  cold-storage  warehouse  arranged 
for  indirect  radiation.  It  consists  of  the  coil-bunker  room  A , 
in  which  are  placed  the  coils  B^  on  posts.  These  are  pro- 
vided with  a  drip-pan  C,  The  cold-air  duct  D  communi- 
cates with  the  room  E.  Alongside  of  D  is  another  cold-air 
duct  V  communicating  with  the  room  G,  and  a  third  D" 
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communicating  with  the  room  F,  (See  Fig.  369.)  These 
ducts  are  provided  with  dampers  //,  H,  The  warm  air  from 
the  room  E  passes  up  the  duct  K^  and  so  to  the  top  of  the 


Fir,.  358. 


Fig.  869. 


roomy  into  the  coil  bunker  A^  where  it  is  cooled  and  again 
circulates  through  the  various  rooms.  The  path  of  the  air 
is  shown  by  arrow^s. 

By  this  arrangement,  any  of  the  rooms  may  be  closed  off 
by  shutting  the  dampers  H,  The  duct  K  should  be  25  per 
cent,  larger  than  the  duct  D\  and  the  duct  D  should  have 
an  area  of  3  square  inches  per  square  foot  of  floor  area  of 
the  room.  This  applies  to  cold-storage  rooms  having  a  clear 
ceiling  height  of  about  10  feet.  This  proportion  between 
the  area  of  the  duct  and  that  of  the  room  will  give  a  good 
circulation  of  air  for  a  difference  of  temperature  of  2**  between 
the  floor  of  the  room  E  and  the  ceiling  of  the  roomy. 

Fig.  359  gives  a  plan  of  the  coil  bunker  and  the  room  y, 
showing  the  subdivision  of  the  ducts  for  the  various  lower 
rooms,  as  D,  D\  D\  and  K,  K\  K\  By  having  all  the 
coils  in  one  coil  bunker,  as  shown  here,  the  advantage  is 
gained  that  the  temperature  may  be  ascertained  without 
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going  in  more  than  one  room,  and  therefore  without  letting 
heat  into  the  other  rooms  by  opening  them.  In  this  way 
it  is  comparatively  easy  to  keep  a  constant  temperature. 
Besides,  the  complete  turning  off  of  one  coil  will  only  have 
one-quarter  of  the  effect  on  the  temperature  that  it  would 
have  if  each  room  had  its  independent  series  of  coils,  for  if 
each  room  had  two  coils,  the  shutting  off  of  one  would  cut 
down  the  radiating  surface  in  the  room  50  per  cent.  If,  on 
the  other  hand,  the  coil  bunker  is  supplied  with  8  coils,  the 
shutting  off  of  any  one  of  them  cuts  down  the  radiating  sur- 
face but  12^  per  cent.  Furthermore,  all  the  drip  from  the 
coils  is  concentrated  in  the  coil  bunker,  and  when  the  frost 
is  scraped  off  the  pipes,  it  falls  into  the  drip-pan  C  and  can 
easily  be  removed. 

The  disadvantage  of  this  system  is  that  all  the  rooms 
should  be  devoted  to  the  carrying  of  one  product;  conse- 
quently, if  there  are  not  enough  goods  to  fill  all  the  rooms, 
some  space  is  lost,  and  no  other  goods  can  be  placed  in  the 
vacant  rooms.  This  is  specially  true  in  the  case  of  eggs, 
for  which  this  system  is  particularly  adapted.  The  quantity 
of  pipe  required  to  maintain  a  certain  temperature  is  essen- 
tially the  same  as  that  required  with  direct  radiation. 


1550.     Forced-Air 

rangement  of  an  air- 
circulating  system 
is  shown  in  Fig.  360. 
The  circulation  is  ac- 
complished by  means 
of  a  fan  or  blower  B, 
which  is  placed  in  the 
cooling  room  A.  The 
air  is  drawn  from  the 
various  cold-s  t  o  r  a  g  e 
rooms  through  the 
duct  E  into  the  central 
opening  in  the  fan  case, 
and    is   driven   by   the 


Circulation 


-The   general   ar- 


W 


-TF^ 
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action  of  the  fan  through  the  brine  coils  C  and  out  through 
the  delivery  duct  D  into  the  rooms  C,  //,  and  J, 

An  advantage  of  this  system  is  that  the  bunker  room  A 
can  be  placed  on  the  first  floor  or  in  the  basement  of  the  build- 
ing, as  it  is  not  necessary  to  have  this  room  either  directly- 
above  or  below  the  various  cold-storage  rooms.  The  drip 
from  the  coils  of  the  bunker  will  in  no  way  injure  the  goods 
stored  in  the  rooms,  as  in  the  case  of  the  indirect-radiating 
system,  when  the  catch  pan  leaks. 

Another  advantage  of  this  system  is  that  the  rooms  may 
be  easily  ventilated.  This  is  done  in  the  following  manner: 
The  fan  B  is  provided  with  an  extra  outlet  pipe  Z,  in 
which  is  a  damper  K,  When  the  fan  is  running,  the  air  is 
drawn  from  the  various  rooms,  and  by  opening  the  damper 
K  and  closing  the  damper  J/,  the  air,  instead  of  passing 
through  the  coils  C,  is  blown  outdoors  through  the  pipe  Z. 
The  damper  O  in  the  pipe  P  is  then  slightly  opened ;  this 
permits  fresh  air  to  enter  the  coil  bunker  A,  The  air  passes 
through  the  coils  C  and  is  cooled  by  means  of  them  to  the 
required  temperature  after  it  enters  the  rooms  C,  //,  and  J. 
This  arrangement  allows  all  the  dead  air  to  be  drawn 
from  these  various  rooms  and  fresh  air  to  be  admitted.  In 
some  houses,  a  separate  series  of  coils  and  ducts,  entirely 
independent  of  the  main  circulating  system,  are  arranged 
for  the  purpose  of  ventilating  the  various  rooms. 

This  indirect  forced-draft  system  is  especially  good  for 
storing  eggs;  it  creates  a  circulation  in  the  rooms,  and 
consequently  keeps  the  air  thoroughly  fresh,  besides  keep- 
ing the  temperature  very  nearly  uniform  throughout  the 
room.  Care  should  be  taken,  however,  not  to  run  the  fan 
or  blower  too  fast,  as  too  much  air  circulation  tends  to 
evaporate  the  eggs.  The  best  way  to  regulate  the  amount 
of  air  is  to  run  the  fan  at  such  a  speed  as  to  keep  a  differ- 
ence of  about  2°  between  the  temperature  of  the  inlet  air 
to  the  room  and  that  of  the  air  returning  to  the  bunker. 
This  difference  should  not  be  less  than  1°,  or  a  good  deal  of 
evaporation  will  be  noticed  in  the  eggs. 

The   quantity  of   pipe  required  with  a   forced  draft   is 
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about  the  same  as  for  direct  radiation,  or,  approximately, 
1  foot  of  pipe  for  every  30  cubic  feet  of  space.  The  coils  of 
pipe  should  be  so  arranged  in  the  bunker  as  to  break  the 
currents  of  air  and  yet  be  far  enough  apart  so  that  there 
is  no  danger  of  a  solid  wall  of  snow  forming  between  the 
coils. 

1551.  Sharp  Freezing:. — For  the  purpose  of  freez- 
ing fish  rapidly,  a  Sharp  Freezer,  such  as  is  shown  in 
Fig.  361,  is  employed.     This  consists  of  a  series  of  return- 
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bend  coils,  one  back  of  the  other,  the  pipes  of  which  form 
a  series  of  shelves,  one  under  the  other.  The  brine  or  direct- 
expansion  ammonia  is  allowed  to  enter  the  top  header  con- 
necting these  various  coils,  and  the  return  is  taken  from 
the  bottom  header.  On  the  shelves  formed  by  the  pipes 
are  placed  galvanized-iron  pans,  20'  X  36'  at  the  bottom 
and  about  4  inches  deep,  filled  with  fish.  The  doors  cover- 
ing these  coils  are  then  closed  and  the  fish  are  allowed  to 
remain  in  the  freezer  for  15  to  20  hours.     They  are  then 
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removed  from  the  pans  and  packed  in  boxes  about  the  size 
of  the  pan.  Before  the  fish  are  placed  in  the  pans,  they  are 
usually  dipped  in  cold  water,  so  as  to  remove  any  salt  water 
or  fish  oil  that  may  adhere  to  them ;  this  also  forms  a  thin 
coat  of  ice,  which  helps  to  preserve  the  fish.  If  brine  circu- 
lation is  used,  a  temperature  of  10**  to  15°  below  zero  is 
required  to  obtain  a  temperature  of  0°  in  the  freezer. 

If  a  plant  is  insulated  for  the  sole  purpose  of  freezing 
fish  or  meat,  an  allowance  should  be  made  at  the  rate 
of  one  ton  of  refrigerating  effect  per  ton  of  meat  or  fish 
frozen  in  every  twenty-four  hours,  in  addition  to  the  space 
cooled. 


STORING  VICTUALS. 

1552.  Storage  of  Eggs.  —  For  the  successful  cold 
storage  of  eggs,  a  room  should  be  equipped  with  either  the 
indirect-radiating  or  the  forced-air-circulating  system.  If 
this  is  not  possible  and  direct  radiation  is  already  installed, 
the  coils  should  be  provided  with  aprons,  as  explained  in 
Art.  1548.  A  temperature  of  30°  to  31°  should  be  main- 
tained in  the  rooms,  and  the  relative  humidity  of  the  air 
should  be  kept  at  between  65  and  70  per  cent,  of  saturation. 
The  eggs  should  be  placed  in  new  cases  which  have  been 
thoroughly  dried,  together  with  their  fillers,  by  placing 
them  in  a  dry  house  or  over  the  boilers.  The  eggs  should 
also  be  thoroughly  candled  before  being  put  in  the  house, 
and  only  those  that  are  perfectly  sound  should  be  stored. 
When  the  eggs  are  taken  out,  they  should  be  placed  in  a  com- 
paratively cold  room,  so  that  they  will  get  warm  gradually, 
which  will  prevent  them  from  sweating  to  any  great 
extent. 

1553.  Storage  of  Dairy  Products.  —  Milk  and 
cream  can  be  kept  for  a  considerable  length  of  time  if 
properly  cooled  before  storing.  This  cooling  is  effected  by 
means  of  a  cooler  built  on  the  same  general  plan  as  the 
Baudelot  cooler  used  in  breweries,  but  having  tinned-copper 
pipes   instead   of   iron   pipes   for   the  circulation  of  brine. 
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When  the  milk  is  allowed  to  run  over  these  pipes,  all  the 
animal  odor  is  eliminated,  and  the  milk  preserves  its  sweet- 
ness much  longer  than  when  placed  in  cans  while  warm  and 
then  put  in  a  cold-storage  room. 

Cheese  is  usually  kept  at  a  temperature  of  34°  to  36®; 
The  room  should  be  kept  comparatively  dry,  with  a  rela- 
tive humidity  not  exceeding  70  per  cent.,  so  as  to  avoid 
molding.  A  temperature  lower  than  34°  is  likely  to  make 
the  cheese  granular,  and  does  not  help  to  preserve  the 
quality  any  better  than  the  higher  temperature. 

Butter  is  now  frozen  and  kept  at  a  temperature  of  10^ 
This  temperature  has  been  found  to  preserve  the  flavor 
much  better  than  the  higher  temperatures  used  in  former 
days.  Butter  is  usually  stored  in  60-pound  firkins.  Small 
packages  are  not  carried  successfully,  as  it  is  very  difficult 
to  prevent  the  outer  crust  of  the  butter  from  losing  its 
flavor  and  becoming  somewhat  stale.  It  is  therefore  bet- 
ter to  use  large  firkins  and  make  prints  after  the  butter 
is  taken  from  the  storage  rooms  than  to  carry  the  prints 
themselves  in  storage. 

1554.  Storage  of  Fruit. — ^Winter  apples  are  carried 
at  temperatures  as  low  as  28°,  which  is  just  above  their 
freezing  point.  Care  should  be  taken  that  the  fruit  is  of  a 
good  quality  and  perfectly  sound,  in  order  to  prevent  decay, 
which  causes  fermentation,  with  the  production  of  carbonic- 
acid  gas  and  a  disengagement  of  heat.  This  heat  will  raise 
the  temperature  of  the  room,  thereby  aiding  in  the  decom- 
position of  other  apples  in  the  immediate  neighborhood. 
The  carbonic-acid  gas  resulting  from  fermentation  is  also 
rather  detrimental  to  the  proper  keeping  of  fruit. 

Bartlett  pears  should  be  picked  green  and  stored  in  boxes 
or  small  barrels.  They  can  be  carried  successfully  from  60 
to  90  days,  if  care  is  taken  to  keep  the  room  dark  and  at  a 
temperature  of  32''  to  34°. 

All  citrus-fruits,  such  as  lemons  and  oranges,  should 
be  carried  at  a  temperature  of  33°  or  34°,  and  should  be 
entirely  isolated   from   any  dairy  products   and   eggs.     If 
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possible,  rooms  should  be  arranged  that  have  separate 
entrances  from  those  going  into  the  egg  and  butter  rooms. 
The  odor  from  lemons  and  oranges  is  very  penetrating  and 
gives  a  very  disagreeable  flavor  to  eggs,  making  them  almost 
unsalable. 

1 555.  Temperature  Required  by  Different  Arti- 
cles.— Table  35  gives  the  temperatures  at  which  several 
goods  are  usually  carried.  The  usual  rule  is  to  carry  an 
article  just  above  its  freezing  point.  There  are  a  few 
exceptions  to  this  rule,  such  as  cheese;  but  if  care  is  taken 
to  carry  the  room  just  above  the  freezing  point  and  keep 
the  air  sweet  and  dry,  good  results  are  almost  always 
attained. 


TABLE    35. 


STORAGB  TEMPERATURES  OF  VARIOUS  PRODUCTS. 


Article. 

Storage  Temperature. 

AddIcs 

30° 

Berries 

34"* 

Butter 

10° 

Beer 

36° 

Cheese 

34° 

Dried  Fruit 

36° 

Esrofs 

30° 

Fresh  Meat 

33° 

Frozen  Meat 

20° 

Fish 

15° 

Furs 

5° 

Grapes 

33°  . 

Lemons 

33° 

Oranges 

33° 

Peaches 

34° 

Pears 

33° 
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RBPRIGBRATION  FOR  PACKING    HOUSB8. 

1556.  Ctitlltng:,  storage,  and  Freezing  Rooms. — 

In  packing  houses  there  are  two  kinds  of  rooms  to  be  cooled, 
viz. ,  ctilllinff  rooms  and  storage  rooms. 

Chilling  rooms  are  those  in  which  the  carcasses  are  placed 
immediately  after  the  animals  have  been  slaughtered,  in 
order  to  cool  them  from  95°  (blood  heat)  to  the  storage 
temperature,  which  is  about  35°.  The  temperature  of  chill- 
ing rooms  is  kept  at  about  28°. 

After  the  meat  has  cooled  to  about  35°  or  32°,  it  is  taken 
to  the  storage  rooms,  where  it  is  kept.  The  temperature  of 
these  rooms  is  about  35°. 

It  is  often  desirable  to  freeze  the  meat.  This  is  done  in 
special  rooms  called  freezing:  rooms,  which  are  kept  at  a 
temperature  of  10°  or  under. 

1557.  Refrigeration  Required. — To  determine 
the  exact  amount  of  refrigeration  required,  the  chill  rooms, 
cellars,  storage  rooms,  etc.,  should  be  carefully  measured; 
the  amount  of  refrigeration  is  then  found  by  the  rules  given 
under  cold-storage  refrigeration.  To  this  should  be  added 
the  refrigerating  effect  required  to  cool  the  meat,  as  given 
by  formula  140.  Beef,  after  being  slaughtered,  is  usually 
hung  in  a  well-ventilated  room  for  several  hours.  The 
temperature  of  the  meat,  however,  is  reduced  but  little,  and 
so  it  is  customary  to  figure  on  the  supposition  that  the  beef 
enters  the  chill  room  at  a  temperature  of  about  95°  (this 
is  the  value  of  /  in  formula  140).  The  beef  must  then  be 
cooled  to  at  least  35°  (this  is  the  value  of  /,  in  the  same 
formula).     The  same  applies  to  other  animals. 

If  the  weights  of  carcasses  of  different  kinds  are  repre- 
sented by  ^, ,  2if^,  Z£/, ,  etc.,  and  the  number  of  carcasses  of 
each  class  by  w„  «, ,  «,,  etc.,  the  weights  to  be  cooled  will 
be  «,  ^,,  «,  ^,,  ^^  ^^8»  ^^^'  Substituting  these  values 
for  It/,,  w,,  etc.,  in  formula  140,  and  putting  /—  /^  =  95° 
—  35°  =  60°,  we  get,  for  the  tons  of  refrigeration  required, 

F=  .000003505  (n^  w^  s^  +  «,  u\  s^  + .  .  .   .  )  X  60 
=  .OOOnOd{n^w^s^  +  n^tv^s^  +  ,  .  .  .  ).  (141.) 
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Example. — In  a  certain  abbatoir  there  are  5,000  cubic  feet  of  chill- 
room  space,  10,000  of  pickling  space,  and  20,000  of  storage.  100  hogs 
and  30  beeves  are  killed  daily,  the  average  weight  of  the  hogs  being 
240  pounds  and  that  of  the  beeves  750  pounds.  How  much  refrigera- 
tion is  required  ? 

Solution.— Total  space  =  5,000  +  10.000  +  20,000  =  35.000  cu.  ft. 
According  to  Art.  1 544,  1  ton  of  refrigeration  will  be  required  for 
6,000  cu.  ft.  of  space.  Therefore,  the  refrigeration  required  to  cool 
35,000  cubic  feet  is 

35.000       .  „^  ^ 
-poiT  =  ^-^^  ^^""- 

To    apply    formula    141,    we    have  /i|  =  100,  /ft  =  80,  0/1=240, 

Wa  =  750,  J,  =  .6,  J,  =  .8  (see  Table  34).     Substituting  these  values  in 
the  formula,  we  get 

F=  .0002103  (100  X  240  X  .6  +  30  X  750  X  .8)  =  6.81  tons. 

The  total  amount  of  refrigeration  required  is,  then, 

5.83  4-  6.81  =  12.6  tons,  nearly.    Ans. 

1558.  For  rough  calculations,  1  ton  of  refrigeration 
may  be  taken  to  cool  about  4,000  cubic  feet  of  chill-room 
space  and  8,000  to  10,000  cubic  feet  of  storage  or  pickling 
room  space. 

In  chilling,  1  ton  of  refrigeration  will  suffice  for 

20  hogs  (average  weight  250  pounds), 
or  7  beeves  (average  weight  700  pounds), 

or  50  calves  (average  weight  90  pounds), 

or  70  sheep  (average  weight  75  pounds). 

For  freezing  rooms,  1  ton  of  refrigeration  per  ton  of  meat 
frozen,  including  the  space  in  which  the  meat  is  carried,  is 
a  good  allowance. 

1559.  CWIl  Room. — The  indirect  system  should  be 
used  in  piping  chill  rooms  for  beeves,  hogs,  sheep,  etc.  If 
there  is  sufficient  headroom,  the  pipes  can  be  placed  over- 
head in  a  bunker  formed  by  means  of  drip-pans,  as  shown 
in  Fig.  362,  the  beams  for  carrying  the  meat  track  forming 
the  supports  for  the  pans.  If,  however,  the  chill  rooms 
were  originally  on  the  ice-bunker  system,  having  the  ice 
chamber  overhead,  the  latter  can  be  piped,  and  the  drip 
from  the  coils  will  then  be  caught  by  the  ice  pans.     By  this 
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arrangement,  the  steam  which  passes  off  from  the  meat  is 
condensed  in  the  ice  chamber  or  coil  bunker  overhead,  and 
to  a  large  extent  takes  away  the  animal  odor.     Chill  rooms 
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piped  on  the  sides  do  not  accomplish  this,  and  often  the 
meat  coming  from  them  is  sour. 

The  quantity  of  pipe  required  to  cool  chill  rooms  is  about 
as  follows:  For  direct  expansion,  1  foot  of  2-inch  pipe  will 
suffice  for  13  cubic  feet  of  chill-room  space,  and  1  foot  of 
1^-inch  pipe  will  suffice  for  9  cubic  feet.  In  case  of  brine 
circulation  with  15-degree  brine  going  to  the  chill  room, 
1  foot  of  l^inch  pipe  will  suffice  for  5  cubic  feet  of  space.  If 
the  brine  is  at  0°  or  colder,  the  amount  of  pipe  required 
will  be  the  same  as  that  given  for  direct  expansion. 

1560.  Storage  Rooms. — Storage  or  pickling  rooms 
are  piped  overhead,  if  there  is  sufficient  headroom;  other- 
wise, on  the  side  walls  or  along  the  posts.     Their  temperature 
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is  seldom  below  5"",  as  pickling  is  prevented  if  the  tem- 
perature goes  below  that  point.  These  rooms  are  often 
kept  at  temperatures  as  high  as  42°  and  45°. 

The  quantity  of  piping  required  in  case  of  direct  expan- 
sion is  as  follows:  1  foot  of  2-inch  pipe  will  suffice  for 
about  40  cubic  feet  of  well-insulated  space  ;  1  foot  of 
1^-inch  pipe  will  suffice  for  30  cubic  feet  of  space.  For 
brine  circulation  with  15-degree  brine,  1  foot  of  2-inch  pipe 
will  cool  15  cubic  feet  of  space,  and  1  foot  of  l^inch  pipe  will 
cool  10  cubic  feet  of  space. 


ICE    MAKING. 


SYSTBMS  USBD. 

1561.  There  are  now  two  systems  in  use  for  making 
ice,  viz.,  the  can  system  and  the  plate  system.     The 

can  system  is  the  more  common  of  the  two,  being  cheaper 
in  first  cost  and  requiring  less  attention  in  manipulation. 
The  plate  system,  however,  has  the  advantage  of  being 
more  economical  in  the  end  and  of  giving  a  clearer  ice. 

1562.  The  Can  System. — The  apparatus  used  in  the 
can  system  consists  of  a  large  rectangular  wood  or  iron  tank 
containing  the  expansion  coils  or  pipes.  Galvanized-iron 
cans  are  placed  between  the  rows  of  expansion  coils.  These 
cans  are  filled  with  distilled  water,  and  when  the  brine 
is  chilled  below  the  freezing  point,  the  water  in  the  cans 
freezes.  If  the  temperature  of  the  brine  is  not  allowed  to 
fall  below  25°  and  ordinary  well-water  is  used  in  the  cans, 
the  ice  produced  will  be  comparatively  clear  on  the  outside 
and  rather  snowy  in  the  center.  If,  however,  the  brine 
temperature  is  allowed  to  fall  to  about  15°,  the  ice  will  be 
entirely  opaque. 

To  get  good,  clear  ice,  distilled  water  is  used.  This  makes 
a  bright,  clear  ice,  with  the  exception  of  a  small  core  or 
feather  in  the  center.  It  is  necessary,  however,  to  have  a 
good   distilling  apparatus.      The   white  appearance   in   ice 
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made  from  non-distilled  water  is  due  to  minute  air-bubbles 
which  are  held  in  suspension  in  the  water  and  frozen  in  the 
ice,  forming  a  sort  of  snow.  In  case  of  distilled  water,  this 
air  is  eliminated  by  boiling  and  subsequent  evaporation. 
From  this  it  will  be  seen  that  it  is  necessary  to  make  enough 
distilled  water  in  every  twenty-four  hours  for  the  nominal 
ice-making  capacity  of  the  plant. 

In  the  ordinary  ice  factory,  the  distilled  water  is  usually 
made  by  condensing  the  exhaust  steam  of  the  engine  oper- 
ating the  compressor  in  case  of  a  compression  plant,  or  by 
cooling  the  condensed  steam  that  leaves  the  generator,  still, 
or  retort  of  the  absorption  plant.  Ordinarily  the  steam  that 
is  required  by  a  first-class  machine  of  either  kmd  is  consider- 
ably less  than  the  amount  of  ice  that  the  machine  can  make 
in  a  given  time.  It  is  therefore  necessary  to  draw  live  steam 
from  the  boiler  and  condense  it,  in  order  to  make  up  the 
deficiency.  It  follows  from  this  that  the  economy  of  the 
plant  depends  entirely  upon  the  economy  of  the  boiler. 

The  ordinary  yield  of  a  can  plant  is  about  6  pounds  of  ice 
per  pound  of  coal.  There  is  a  certain  loss  due  to  exhaust 
thrown  away  from  auxiliaries,  steam  leaks,  etc.,  that  brings 
the  boiler  evaporation  down  to  this  figure,  though  there  are 
some  tests  on  record  where  a  plant  has  done  as  well  as 
8  pounds  of  ice  per  pound  6f  coal.  The  ordinary  water  con- 
sumption for  condensing  purposes,  boiler,  etc.,  is  4  gallons 
per  minute  per  ton  of  ice  made  in  24  hours,  the  water 
being  well-water  at  60**  or  colder.  With  warmer  water, 
a  larger  quantity  has  to  be  used. 

1 563.  Plate  System. — In  the  plate  system,  the  refrig- 
erating fluid  is  circulated  through  vertical  cast  or  wrought 
iron  hollow  plates  set  on  edge  in  a  tank  of  water.  These 
plates  are  usually  about  16  feet  long  and  8  feet  high.  Ice 
begins  to  form  on  the  plate  and  gradually  extends  out  into 
the  tank.  If  the  temperature  of  the  plate  is  kept  com- 
paratively high  at  the  start,  until  2  or  3  inches  of  ice  is 
formed,  and  then  gradually  reduced  as  the  ice  formation 
increases,  a  clear  cake  or  plate  of  ice  will  be  formed  on  e^ch 
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side  of  the  plate.  The  refrigerating  fluid  is  then  drained 
from  the  plate,  and  warm  water  is  introduced,  which  thaws 
the  ice  adhering  to  the  sides.  As  soon  as  the  ice  is  detached, 
it  floats  to  the  surface  of  the  water  in  the  tank,  and  is  then 
drawn  up  by  means  of  a  large  traveling  crane  and  cut  up 
on  a  special  table  fitted  for  the  purpose  into  cakes  of  the 
proper  size. 

From  the  above  description,  it  will  be  seen  that  ordinary 
filtered  water  can  be  used  in  the  cells  of  the  plate  system, 
and  the  expense  of  distilled  water  is  avoided.  Great  care, 
however,  must  be  exercised  to  prevent  the  plate  from 
freezing  too  rapidly  at  the  start,  in  order  to  avoid  the 
formation  of  white  ice. 

Plate  ice,  in  the  average  ice-making  plant,  requires  from 
8  to  12  days  to  freeze,  according  to  the  thickness  of  the 
cake  and  the  quality  of  the  water  from  which  the  ice  is 
made.  In  the  can  system,  24  to  60  hours  is  all  the  time 
required  to  freeze  a  cake  of  ice,  according  to  the  size  of  the 
cake.  The  difference  in  time  in  the  two  systems  is  due  to 
the  fact  that  in  the  plate  system,  freezing  proceeds  from  one 
side  only,  whereas  in  the  can  system  it  proceeds  from  the 
two  sides  and  the  end. 

The  first  cost  of  a  plate  plant  is  greatly  in  excess  of  that 
of  a  can  plant.  The  floor  area  is  also  greater  for  the  plate 
plant,  but  a  good  plant  of  this  kind,  properly  put  up  and 
operated,  is,  once  installed,  by  far  more  economical  than  a 
can  plant,  and  gives  much  better  ice. 


COMPRB88ION    ICB-MAKING    PLANT   WITH   CAN  8Y8TBM. 

1 564.     Division  of  ttie  Plant. — A  complete  can  plant 
consists  of  the  following  parts: 
{a)  Steam-boiler  plant. 
(d)  Refrigerating  or  ice-making  machine. 

(c)  Freezing  tank  with  accessories. 

(d)  Distilled-water  system. 

A  complete   can-system  compression  plant  is  shown   in 
Fig.  363. 
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1565«  Steam  Plant.  —  For  the  purpose  of  getting 
good,  clear  can  ice,  it  is  necessary  to  have  a  steam-boiler  of 
ample  capacity,  so  that  there  will  be  no  danger  of  the  boiler 
foaming.  A  boiler  that  does  not  give  good,  dry  steam 
invariably  causes  trouble  in  an  ice  plant,  the  ice  becoming 
discolored  and  cloudy  on  account  of  the  priming.  Five 
horsepower  per  ton  of  ice  to  be  made  is  a  good  allowance 
for  the  steam-boiler  plant. 

A  well-equipped  ice-factory  boiler  plant  consists  of  the 
following  parts  (see  Fig.  363) : 

{a)     A  good  boiler  with  fixtures  and  stack. 
(6)     A  boiler-feed  pump. 

{c)  An  injector,  to  be  used  in  case  of  accident  to  the  feed- 
pump. 

(d)     A  feed-water  heater. 

In  countries  where  the  water  is  bad  and  contains  alkalies, 
the  steam-boiler  plant  should  be  in  duplicate,  and  in  case 
the  water  contains  sulphates,  a  live-steam  purifier  can  be 
used  with  advantage.  Under  these  conditions,  it  is  best  to 
change  boilers  once  every  week  or  two,  giving  the  spare 
boiler  a  thorough  cleaning,  removing  all  scale,  etc. 

1 666.  Refrlfferatins-Macliiiie  (see  Fig.  363). — This 
consists  of  the  ammonia  compressor  E  with  engine  /% 
ammonia  condenser  G,  oil  trap  //,  receiver  Ky  and  expan- 
sion coils  L  in  the  ice  tank  M,  Usually  the  ice-machine  is 
placed  in  a  room  by  itself,  to  prevent  the  dust  from  the 
boiler  affecting  the  refrigerating  machinery.  The  com- 
pressor is  placed  upon  a  solid  stone  foundation,  and  the 
condenser,  usually  of  the  atmospheric  type,  is  placed  above 
the  compressor  in  a  latticework  tower,  sufficient  height 
being  given  to  the  condenser  so  that  the  water  passing  from 
it  will  flow  to  the  exhaust-steam  condenser/,  and  from  there 
to  the  boiler-feed  pump  B.  This  allows  the  water  to  get 
quite  warm  before  it  is  sent  through  the  feed-water  heater 
to  the  boiler. 

To  get  economical  results  with  a  compression  machine,  the 
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engine  should  preferably  be  equipped  with  some  form  of 
releasing  valve-gear,  as  the  Corliss.  A  plain  slide-valve 
engine  will  use  more  steam  to  operate  the  compressor  than 
the  compressor  would  be  able  to  freeze  into  ice.  The  com- 
mon practice  is  to  allow  2  tons  of  refrigerating  effect  per 
ton  of  ice  to  be  made.  The  exhaust  from  the  engine  F  is 
piped  into  the  exhaust-steam  condenser  J^  as  shown  in  the 
figure.  It  is  from  this  exhaust  steam  that  the  ice  is  made 
after  the  grease  has  been  extracted  by  means  of  a  sepa- 
rator N.  If  the  engine  requires  more  steam  to  operate  it 
than  it  can  freeze  into  ice,  the  machine  is  not  economical, 
as  a  certain  amount  of  exhaust  steam  has  to  be  allowed  to  go 
to  waste.  With  the  usual  allowance  of  2  tons  of  refrigerating 
effect  per  ton  of  ice,  and  assuming  \\  horsepower  in  the 
steam  engine  to  be  required  per  ton  of  refrigeration,  the 
power  required  will  be  3  horsepower  per  ton  of  ice.  This 
gives  one-third  of  a  ton,  or  about  667  pounds  of  steam  per 
horsepower  in  24  hours,  or  28  pounds  of  steam  per  horse- 
power per  hour.  As  an  ordinary  slide-valve  engine  uses 
from  40  to  50  pounds  of  steam  per  horsepower  per  hour,  it 
appears  that  an  engine  with  a  releasing  gear  or  some  form 
of  expansion-valve  must  be  used,  if  the  best  effect  is  desired. 

1567.  Ice   Plant. — The  ice-making  plant  comprises 
the  following  parts  (Fig.  363) : 

{a)  Ice-making  tank  M. 

{b)  Ice  cans  or  molds  (?,  O, 

(c)  Grating  for  holding  cans  in  position. 

{d)  Ice-can  covers. 

{e)  Insulation  of  bottom  and  sides  of  tank. 

(/)  Brine  agitator  P. 

(^)  Crane  Q  with  geared  hoist  and  can  lift. 

{K)  Ice-can  dump  R, 

{%)  Can  filler  5  with  hose. 

(y)  Expansion  coils  L  with  headers  and  valves. 

(^)  Brine  hydrometer  and  thermometer. 

1568.  Ice  tanks  are  usually  made  of  steel,  though  in 
some  plants  wood  is  used.     Steel  tanks  should  be  made  of 
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J-inch  steel  for  tanks  3  feet  or  more  in  depth,  i^inch  steel 
being  heavy  enough  for  tanks  30  inches  deep.  The  tank 
should  be  properly  braced  and  reinforced  and  have  an  angle- 
iron  rim  punched  for  bolt-holes  around  the  top,  so  that  the 
grating  can  be  securely  attached  thereto. 

1 669.  Expansion  coils  should  be  of  extra  heavy  pipe 
and  should  run  the  full  length  of  the  tank,  one  coil  between 
each  row  of  cans.  The  coils  should  be  continuously  welded 
throughout  their  lengths,  with  tails  carried  through  the  end 
of  the  tank,  stuffing-boxes  being  provided  on  the  tank  to 
prevent  brine  leakage.  The  coils  are  usually  strapped  in 
such  a  manner  as  to  permit  the  grating  to  be  supported  by 
the  straps,  as  shown  in  Fig.  364.     There  should  be  100  square 

K 


Pio.  864. 

feet  of  coil  surface  for  each  ton  of  ice  made.  Each  coil 
should  be  provided  on  its  inlet  with  an  expansion-valve  and 
the  outlet  should  be  provided  with  a  stop-valve. 

1570.  Ice  Cans. — The  ice  cans  or  molds  in  which  the 
ice  is  frozen  are  usually  made  of  various  sizes,  and  the  cakes 
of  ice  formed  in  them  usually  weigh  between  50  and  300 
pounds. 

To  find  the  net  weight  in  pounds  of  the  cake  formed  in  a 
can,  find  the  volume  of  the  can  in  cubic  feet;  multiply  the 
result  by  57.2  (weight  of  a  cubic  foot  of  ice)  and  take  6  per 
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cent,  off  the  product  (this  to  allow  for  thawing).  The 
result  will  be  the  required  net  weight. 

The  can  should  generally  be  made  of  16-pound  galvan- 
ized iron,  although  for  small  ones  18-pound  galvanized  iron 
may  be  used.  The  best  cans  are  made  of  what  is  known 
as  **Best  Bloom  stretched  and  patent  leveled  galvanized 
iron. "  Such  iron  is  perfectly  flat,  and  has  no  inequalities 
in  it.  Ice  cans  are  usually  made  with  a  slight  taper  from 
the  bottom  upwards,  which  permits  the  ice  to  slide  out 
easily  after  it  has  been  thawed  free  of  the  can.  The  smaller 
sizes  of  cans  have  one  joint  along  the  sides,  near  one  of  the 
corners,  and  the  larger  sizes  one  or  two  joints.  These  joints 
should  be  riveted  on  1-inch  centers,  with  all  rivet  heads 
driven  close.  The  seams  should  then  be  soaked  with  solder 
and  floated  flush.  The  bottoms  are  usually  flanged  and 
inverted  into  the  body,  the  joint  being  made  by  riveting  and 
soldering  in  place.  The  top  of  the  can  should  be  reinforced 
with  a  band  of  flat  iron,  and  the  edge  of  the  can  should  be 
wired  over.  Two  holes  are  punched  in  the  long  side  of  the 
can,  under  the  band,  for  lifting. 

1571.     Tank  Surface. — With  brine  at  15°  in  the  ice 

tank,  and  a  good  circulation,  an  8-inch  ice  can  will  freeze 
solid  in  about  24  hours,  an  11-inch  can  in  30  to  36  hours, 
and  a  14-inch  can  in  40  to  48  hours.  In  very  warm  weather, 
the  brine  sometimes  rises  to  a  temperature  higher  than  15^ 
Ice  plants  are  therefore  usually  constructed  with  a  real 
capacity  greater  than  their  nominal  capacity ;  the  ratio  of 
the  former  capacity  to  the  latter  is  called  the  surface  of 
the  tank.  For  example,  a  10-ton  plant  having  2^  surfaces 
would  indicate  that  the  total  capacity  of  the  ice  cans  was 
2^  X  10  =  25  tons.  Plants  having  8-inch  cans  are  con- 
structed with  surfaces  of  1^  to  2;  those  having  11-inch  cans 
with  surfaces  of  2  to  2^,  and  those  having  14-inch  cans  with 
surfaces  of  2^  to  3.  These  proportions  permit  of  a  slight 
rise  in  the  brine  temperature  and  also  allow  a  certain  quan- 
tity of  ice  to  be  carried  frozen  in  the  cans,  which  can  be 
pulled  in  case  of  great  demand. 
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1  572.  Grating  and  Covers, — The  ice-can  grating  is 
usually  made  of  hard  wood,  such  as  oak  or  ash,  firmly  bolted 
together  with  galvanized-iron  cross-straps.  Such  a  grating 
is  shown  in  Fig.  364.  It  will  be  seen  that  the  rim  E  of  the 
ice  cans  rests  on  the  galvanized-iron  cross-strap  jff,  which  is 
mortised  into  the  oak  strip Z>.  The  upper  strip  Con  which 
the  can  covers  K  rest  is  mortised  out  with  a  groove  J.  In 
this  is  placed  a  stick  or  button  Z,  which  firmly  buttons  the 
can  down,  so  that  it  can  not  float  up.  The  oak  strip  F  is 
supported  by  means  of  the  expansion-coil  straps  (7,  which 
are  mortised  into  it,  and  which  in  turn  support  the  expan- 
sion coil  H,  Through  bolts  firmly  bolt  C,  Z>,  /%  and  B 
together,  making  a  very  rigid  framework.  The  can  covers 
are  usually  made  of  two  pieces  of  oak,  well  nailed  together, 
with  two  layers  of  good  insulating  paper  in  between.  The 
ends  of  these  covers  are  sometimes  hollowed  out  with  a 
recess,  which  permits  the  cover  to  be  raised  easily,  while 
other  covers  are  provided  with  regular  plates  and  handles 
for  lifting. 

1573.  Insulation. —  The  ice  tank  should  be  insulated 
in  the  manner  described  in  Art.  1479»  the  grating  being 
allowed  to  project  over  the  edge  of  the  tank  and  the  insu- 
lation being  nailed  fast  thereto. 

1574.  Agitator. — In  order  to  get  a  high  efiiciency 
from  the  expansion  coils  in  the  tank  and  freeze  the  ice  rap- 
idly, agitators  are  used.  They  are  of  three  classes,  viz., 
centrifugal  pumps,  displacement  pumps  discharging  into 
distributing  pipes,  and  propellers. 

The  object  of  the  centrifugal  pump  is  to  circulate  a  large 
quantity  of  brine,  and  thereby  keep  a  comparatively  even 
temperature.  The  usual  method  is  to  take  the  brine  from 
one  corner  of  the  tank  and  discharge  it  into  a  header  along 
the  opposite  side.  This  insures  a  comparatively  rapid  cir- 
culation and  causes  the  ice  to  form  much  faster  in  the  ice 
cans. 

When,  however,  it  is  desired  to  have  some  cold  storage  in 
connection  with  the  ice  plant,  and  it  is  necessary  to  use  a 
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displacement  pump,  such  as  an  ordinary  steam-pump,  to 
circulate  the  brine  throughout  the  cold-storage  rooms,  the 
centrifugal  pump  can  be  done  away  with  by  properly 
arranging  distributing  pipes  in  the  brine  tank.  Such 
arrangement  is  shown  in  Fig.   365.      The   brine-pump  B^ 


PIO.  866. 

drawing  the  brine  from  near  the  top  of  the  ice  tank  A^  dis- 
charges it  through  the  coils  in  the  cold-storage  room  C 
After  passing  through  these  coils,  it  returns  to  the  brine 
tank  and  enters  the  header  D\  from  there  it  is  distributed 
through  the  distributing  pipes  /%  which  are  perforated  with 
small  holes.  It  is  advisable  to  place  one  of  these  distrib- 
uting pipes  under  each  line  of  expansion  coils,  as  this  per- 
mits the  brine  to  impinge  on  the  coils  and  increases  their 
efficiency. 

A  propeller  arrangement  is  shown  in  Fig.  366.  The  pro- 
peller B  is  driven  by  a  belt  or  direct-connected  engine  at  A 
and  runs  in  a  casing  E.     Wood  partitions  are  built  in  the 
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tank  between  the  rows  of  cans  and  along  the  expansion  coils 
C,  C,  Cy  as  shown  at  F,  F,  F^  the  casing  being  made  fast  in  the 
end  of  the  partition.  When  the  propellers  are  in  operation, 
the  brine  is  circulated  as  shown  by  the  arrows.     A  12-inch 


Fig.  866. 

propeller  will  suffice  for  a  10-ton  ice  tank  and  an  18-inch 
propeller  for  a  15-ton  tank.  This  arrangement  makes  a 
very  efficient  method  of  circulating  the  brine,  though  it 
requires  more  power  to  operate  it  than  either  of  the  two 
systems  described  above. 

1575.  Crane  and  Hoist. — Ice  plants  are  usually  pro- 
vided with  hand  cranes  of  the  traveling  type.  A  crane  of 
this  kind  consists  of  a  light  channel-iron  frame  on  which 
moves  a  4-wheel  trolley  provided  with  a  geared  hoist.  On 
the  drum  of  the  hoist,  a  rope  or  chain  is  run,  and  to  this  is 
fastened  a  can  latch,  a  common  form  of  which  is  shown  in 
Fig.  367.     The  latches  A,  A  are  provided  with  hooks  on  the 
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under  side;  these  hooks  engage  into  the  holes  in  the  sides 
of  the  can  B,  When  the  ends  of  the  latches  are  moved  in 
the  direction  of  the  arrows,  the  hooks  disengage  and  the 
can  is  released.  With  a  traveling  crane  and  a  geared 
hoist,  one  man  can  handle  from  15  to  20  tons  of  ice  in 
1%  hours.     If,  however,  the  plant  is  larger  in  capacity  and  it 
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IS  desired  to  economize  labor,  a  pneumatic  hoist  is  recom- 
mended in  place  of  the  geared  hoist.  Pneumatic  hoists  are 
now  made  with  a  latch  attached  to  the  hook  of  the  hoist 
that  raises  two  cans  from  the  tank  at  once.  With  such  a 
device,  one  man  can  pull  from  40' to  50  tons  a  day,  or  more 
than  double  the  quantity  he  can  pull  with  a  geared  hoist. 

1576.  Can  Dump  and  Filler. — The  can  dump,  or 
tilting  frame,  is  shown  in  Fig.  368.  It  consists  of  a  drip 
pan  or  tank  A^  to  which  are  riveted  fast  a  pair  of  supporting 
brackets  B,  These  supporting  brackets  are  provided  with 
a  hollow  trunnion  C,  to  which  the  water  connection  D  is 
made.  The  box  E  is  hung  on  the  trunnions,  and  in  it  is 
placed  the  ice  can  F.  The  spray  pipes  G  are  also  connected 
with  the  trunnion  C,     The  arrangement  of  the  trunnion  is 
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such  that  when  the  tilting  box  E  is  in  the  position  shown 
by  the  full  lines,  no  water  enters  the  perforated  pipes  C;  but 

when  it  is  rocked  on  the 
trunnions  and  takes  the 
position  E\  the  water  is 
automatically  admitted 
into  the  pipes  (7,  from 
which  it  flows  over  the 
ice  can  and  thaws  the 
ice  out  of  it.  The  box  E 
is  so  weighted  that 
when  the  ice  leaves  the 
can,  the  box  returns  by 
itself  to  the  first  posi- 
tion and  shuts  the 
water  off  automatically. 
In  some  of  the  smaller  plants,  a  dipping  tank  is  used,  which 
is  kept  partially  filled  with  warm  water.  The  can  is  im- 
mersed in  this  tank  and  then  drawn  out  again,  the  ice  being 
freed  by  this  means. 

1577.  Filling  the  Cans. — After  the  ice  is  dumped 
out  of  the  can,  the  latter  is  brought  back  to  its  original  place 
in  the  tank.  It  is  then  necessary  to  refill  it  with  water  for 
freezing.  This  is  accomplished  by  means  of  an  automatic 
can  filler.  A  hose  is  connected  with  the  filters  of  the  dis- 
tilled-water  system,  and  to  this  hose  the  can  filler  is  attached. 
After  the  can  is  placed  in  its  position  in  the  ice  tank,  the 
can  filler  is  inserted  and  a  trigger  with  which  it  is  provided 
is  pulled.  This  starts  the  water  running  into  the  can. 
When  the  water  has  reached  the  desired  level  in  the  can,  a 
ball  float  strikes  the  trigger  and  shuts  off  the  water-supply. 
In  this  manner,  any  number  of  ice  cans  may  be  filled,  the 
operation  requiring  little  attention.  All  the  cans  are  filled 
to  exactly  the  same  level. 

1578.  Ice-Storage  Piping. — In  an  ice  plant,  it  is 
advisable  to  have  an  ice-storage  room  that  will  hold  a  two 
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or  four  week  run,  as  this  will  permit  the  plant  to  be  started 
several  weeks  in  advance  of  the  ice  season,  so  that  there 
may  be  a  good  supply  on  hand  when  the  season  opens. 
Then  it  will  be  possible  to  shut  down  the  machine  in  case  it 
is  necessary  to  make  slight  repairs,  and  the  increased 
demand  during  very  hot  weather  may  be  accommodated. 
Care  should  be  taken  to  properly  insulate  the  room,  to  pre- 
vent radiation  as  much  as  possible.  It  should  be  sufficiently 
high  to  store  two  tiers  of  ice  on  end,  and  the  piping  that 
keeps  the  room  cool  should  be  arranged  overhead,  with  a 
space  of  at  least  2  feet  between  the  top  of  the  upper  tier  and 
the  brine  pipes.  The  walls  should  be  furred  out  to  a  dis- 
tance of  6  or  8  inches,  and  slats  should  be  nailed  on  the 
furring  pieces  to  prevent  the  ice  from  coming  in  contact 
with  the  warm  side  walls.  In  case  l|-inch  pipe  is  used  for  the 
piping,  1  lineal  foot  of  pipe  will  suffice  for  about  10  cubic 
feet  of  space.  These  rooms  should  be  kept  at  a  temper- 
ature of  about  28°,  no  lower  temperature  being  advisable, 
as  the  ice  is  liable  to  check  or  honeycomb.  The  ice  should 
be  placed  on  end  and  a  space  of  about  ^  inch  left  between 
the  cakes,  and  slate  or  boards  should  be  placed  over  the  first 
layer  before  the  second  is  put  in.  The  temperature  of  the 
ice-storage  room  should  not  be  allowed  to  go  above  30°,  as 
the  ice  is  liable  to  melt,  and  if  this  happens,  the  cakes  will 
freeze  together  when  the  room  cools  down  again  and  it  will 
be  necessary  to  quarry  out  the  ice. 

1579.  Water-Supply. — An  ice  plant  should  be  pro- 
vided with  an  independent  water-supply,  such  as  a  well, 
river,  or  lake,  and  have  its  own  water-pump  Jf  (Fig.  363)  for 
the  purpose  of  circulating  the  condensing  water.  The 
water  is  usually  piped  first  to  a  receiving  tank  7",  from 
there  to  the  ammonia  condenser  C,  then  to  the  steam  con- 
denser y,  to  the  boiler-feed  pump  B,  from  which  it  is  passed 
through  the  feed-water  heater  to  the  boiler  A.  A  separate 
supply  of  water  direct  from  the  pump  is  usually  taken  to 
the  distilled-water  cooler  [/.  With  the  water  at  about  60°, 
4  or  5  gallons  per  minute  are  usually  allowed  for  each  ton 
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of  ice  made  in  24  hours.     In  case  the  water  is  warm,  say 
80°  or  over,  6  to  8  gallons  per  minute  should  be  allowed. 

1680.  Dlstilled-Water  Apparatus.— The  distilled- 
water  system  consists  of  the  following  parts: 

(a)  Oil  separator. 

{d)  Back-pressure,  or  relief,  valve. 

(c)  Exhaust-steam  condenser. 

{d)  Reboiler  and  skimmer. 

(e)  Hot  filter. 

(/)  Cooling  coil. 

(^)  Gas  for  cooler. 

(A)  Cold  filter. 

The  usual  process  of  distillation  is  as  follows  (see  Fig.  369) : 
The  exhaust  steam  on  leaving  the  engine  passes  to  the  oil 
separator  B,  Here  all  the  oil  and  any  priming  water  that 
the  steam  may  contain  are  separated  out.  The  steam  then 
passes  to  the  exhaust-steam  condenser  D.  Any  surplus 
steam  that  is  not  immediately  condensed  in  D  is  taken  care 
of  by  the  back-pressure  valve  C,  which  is  usually  set  at 
about  2  or  3  pounds  above  the  atmosphere.  A  small  vent- 
cock  is  also  provided  in  the  pipe  at  P  for  the  purpose  of 
relieving  the  steam-pipe  of  any  air  or  other  extraneous 
gases.  The  condensed  steam  then  passes  to  the  reboiler  -£, 
where  it  is  reboiled  by  means  of  live  steam.  The  reboiler 
is  arranged  with  a  skimming  diaphragm,  so  that  any  light 
impurities  may  float  to  the  surface  and  be  skimmed  off  and 
go  to  waste  through  the  pipe  F.  The  reboiled  condensed 
steam  now  passes  through  the  pipe  G  to  the  hot  filter  Hy 
whence  it  goes  to  the  distilled-water  cooler  AT.  Here  it  is 
cooled  down  to  the  temperature  of  the  condensing  water 
and  then  enters  the  top  of  the  forecooler  L.  In  this  vessel 
it  is  cooled  down  to  a  temperature  of  45**  or  60° ;  then  it 
passes  through  the  cold  filter  Af,  and  finally  to  the  cans 
through  the  hose  N.  The  object  of  distillation  is,  in  the 
first  place,  to  eliminate  all  oil  and  other  foreign  matter,  and 
then  to  expel  any  air  or  gases  that  may  be  contained  in  the 
water  when  it  enters  the  boiler.     Most  of  these  gases  are 
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blown   out  of  the  cock  /*,    those  remaining   being   driven 
off  in  the  reboiler  E, 

1681.  Oil  Separator. — It  is  very  important  to  get 
a  first-class  oil  separator  on  the  exhaust-pipe.  The  sepa- 
rator should  be  made  the  full  size  of  the  exhaust-pipe,  as  a 
smaller  separator  is  insufficient  to  separate  out  all  the  oil 
carried  by  the  steam. 

1582*  Extiaust-Steam  Condenser.  —  The  exhaust- 
steam  condenser  is  usually  of  the  atmospheric  type;  it  is 
made  of  2-inch  pipe,  enough  coils  being  used  to  give  an  area 
of  1^  to  2  times  the  area  of  the  main  exhaust-pipe.  Enough 
water  is  run  over  these  coils  to  condense  the  steam,  but  not 
sufficient  to  cool  the  condensed  steam  to  any  extent.  About 
8  square  feet  of  surface  per  ton  of  ice  made  per  24  hours  is 
a  good  proportion. 

1583.  Reboiler  and  Skimmer. — The  reboiler  and 
skimmer  is  shown  in  detail  in  Fig.  370.     This  form  is  com- 


FIO.   870. 

monly  used  and  is  quite  popular,  as  it  works  well  and  is 
cheap.  It  consists  of  a  rectangular  tank  A^  which  is  pro- 
vided with  a  heavy  galvanized-iron  diaphragm  B^  reaching  to 
within  3  or  4  inches  of  the  top  of  the  tank.  The  end  of  the 
tank  nearest  the  diaphragm  is  provided  with  a  pipe  flange  D 
for  taking  off  the  water  that  is  skimmed  over  the  diaphragm. 
The  water  inlet  at  C  is  connected  with  the  exhaust-steam 
condenser  and  is  provided  with  a  perforated  pipe  E  inside 
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the  tank.  The  water  coming  from  the  condenser  enters 
through  this  pipe  and  is  distributed  across  the  whole  width 
of  the  tank.  Any  trace  of  oil  that  may  have  escaped  the 
separator  will  float  to  the  top  and  be  skimmed  off  by  means 
of  the  diaphragm  B, 

The  reboiling  is  accomplished  by  means  of  the  galvanized 
coil  F^  which  is  connected  with  the  live-steam  pipe  at  G 
and  is  provided  with  perforated  openings  at  H.  The  live 
steam  entering  G  heats  the  water  near  that  end  of  the  tank 
to  the  boiling  point  and  keeps  it  boiling  throughout  the 
whole  length  of  the  coil ;  the  condensed  live  steam  passes 
out  through  the  perforations  in  H,  This  allows  the  whole 
body  of  distilled  water  that  is  contained  in  the  tank  A  to  be 
thoroughly  freed  from  air,  etc.,  while  it  is  passing  from  the 
inlet  C  to  the  outlet  K,  The  outlet  K^  which  connects  with 
a  hot  filter,  is  provided  with  a  float-valve,  which  is  so 
arranged  that  when  the  tank  is  full  the  valve  is  wide  open ; 
it  shuts  gradually  as  the  water  level  drops  in  the  tank  A^ 
and  entirely  closes  when  the  level  is  some  2  or  3  inches 
above  the  valve.  This  arrangement  prevents  the  distilled 
water  from  being  charged  with  air,  as  the  water  level  can 
not  drop  down  to  that  of  the  outlet,  and  permits  the  skim- 
mer to  work  during  the  time  that  the  can  filler  is  not  in 
use  and  when  the  tank  has  reached  its  level  and  is  over- 
flowing. All  parts  of  the  distilled-water  apparatus,  inclu- 
ding coils,  etc.,  should  be  heavily  galvanized  or  else  made 
of  copper  or  brass. 

1584.  Filters, — The  filters  are  usually  heavy  sheet- 
iron  or  cast-iron  galvanized  cylinders  provided  with  a  per- 
forated false  bottom.  On  this  perforated  bottom  the  filter- 
ing material  is  placed.  In  ice  making,  filters  usually  filter 
from  top  down,  though  some  engineers  prefer  to  filter  from 
bottom  up.  All  connections  should  be  made  in  the  side  of 
the  cylinder,  so  that  the  covers  can  be  readily  removed  for 
cleaning  or  recharging.  Stop-cocks  or  valves  should  also  be 
provided  on  the  distilled-water  connections  from  and  to  the 
filters,  and  by-pass  connections  should  be  made  so  that  the 
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filter  can  be  shut  off,  the  by-pass  opened,  and  the  running 
of  the  plant  not  interfered  with  when  the  filter  is  being 
recharged  or  cleaned.  As  the  distilled  water  that  is  used  in 
an  ice  plant  is  comparatively  free  from  impurities,  the  filters 
do  not  have  much  work  to  do,  and  it  is  usually  sufficient  to 
charge  a  filter  once  a  season.  For  this  reason,  wash-out 
filters  of  different  patent  makes  are  seldom  used  in  distilled- 
water  plants. 

When  the  filter  is  recharged,  it  should  be  thoroughly 
rinsed  with  distilled  water  so  as  to  drive  out  all  air  and  wash 
the  filtering  material. 

It  is  advisable  to  let  the  distilled  water  run  to  waste  for 
some  time  before  filling  any  cans,  so  as  to  be  sure  that  all 
air  and  other  gases  are  eliminated. 

For  hot  filters,  crushed  quartz  is  found  very  efficient.  For 
cold  filters,  quartz,  sand,  or  maple  charcoal  may  be  used. 
Filters  between  the  forecooler  and  the  ice  tank  are  found 
very  effective  for  eliminating  certain  red  cores  in  ice,  as 
this  red  does  not  precipitate  except  at  a  temperature  very 
near  the  freezing  point. 

For  either  sand  or  quartz  filters,  1  square  foot  of  filtering 
surface  is  sufficient  for  a  15-ton  ice  plant.  In  filters  that 
filter  from  top  down,  if  the  cans  are  found  to  fill  slowly,  the 
cover  of  the  filter  can  be  removed  and  the  top  of  the  filter- 
ing material  skimmed  off  with  a  shovel,  which  will  remove 
with  it  most  of  the  foreign  matter  without  the  necessity  of 
recharging  the  filter. 

1 585.  Water-Cooling  Colls. — The  cooling  coils  are 
built  like  the  steam  condenser,  but  usually  of  pipes  of  a 
smaller  size.  The  inlet  is  at  the  top  of  the  coil  and  the  out- 
let at  the  bottom.  Four  square  feet  of  pipe  surface  should 
b'e  allowed  for  each  ton  of  ice. 

1586.  Gas  Forecooler. — The  gas  forecooler  consists 
of  a  cylindrical  or  rectangular  tank,  in  which  are  placed  gal- 
vanized-iron  pipe  coils.  These  coils  are  connected  at  the  top 
and  bottom  with  the  compressor  suction-pipe  and  the  expan- 
sion coils  from  the  tank,  respectively.     The  cold  gas  leaving 
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the  expansion  coils  in  the  ice  tank  passes  through  these  coils 
and  cools  the  water  contained  in  the  body  of  the  forecooling 
tank.  The  area  of  these  coils  should  in  no  case  be  less  than 
that  of  the  main  suction-pipe  of  the  machine.  The  best 
practice  makes  them  from  1^  to  2  times  the  area  of  that  pipe. 
The  coils  should  be  kept  well  away  from  the  body  of  the 
tank,  so  that  ice  may  form  on  them  without  freezing  against 
the  walls  of  the  tank  and  bursting  it.  The  tank  should  be 
provided  with  a  cover  and  should  be  air-tight,  as  it  is  sub- 
jected to  the  pressure  of  the  water  from  the  reboiler. 

The  usual  allowance  for  forecooling  coils  is  4  to  5  square 
feet  per  ton  of  ice. 

A  forecooler  added  to  the  plant  allows  the  water  to  come 
to  the  ice  cans  at  a  temperature  of  40°  to  50°  and  increases 
the  capacity  of  the  plant  considerably. 

1 687.  Distilled-lVater  Connections.  —  All  connec- 
tions  and  shells  of  all  vessels  should  be  either  of  block  tin 
or  galvanized  iron.  All  valves  should  be  of  composition, 
no  iron-body  valves  being  used,  after  the  exhaust  steam  once 
enters  the  steam  condenser.  The  various  parts  of  the  dis- 
tilled-water  system  should  be  connected  with  live-steam 
pipes,  so  as  to  permit  of  their  being  blown  out  and  thor- 
oughly cleansed.  Blow-off  cocks  should  be  provided  at  short 
intervals  on  the  various  pipes,  and  all  filters  and  other  closed 
vessels  should  be  provided  with  them.  If  the  distilled  water 
begins  to  run  slowly  into  the  cans,  this  indicates  that  the 
filters  need  cleaning  or  recharging. 


ABSORPTION    ICB-MAKING    PLANT   WITH    CAN    SYSTEM. 

1 588.  General  Description. — The  absorption  ma- 
chine is  well  adapted  for  making  ice,  as  it  does  not  pro- 
duce oil  in  the  exhaust  steam  as  does  the  compression 
machine.  The  usual  arrangement  is  to  take  the  condensed 
steam  that  leaves  the  generator  to  the  reboiler,  then  pass 
it  through  the  water-cooler  to  the  filters,  and  finally  to  the 
ice  cans.  This  arrangement  makes  it  unnecessary  to  use 
any  oil  traps,  skimmers,  etc. 
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The  general  arrangement  of  an  absorption  ice-making 
plant  is  shown  in  Fig.  371.  The  steam  main  E  leading  from 
the  boiler  furnishes  steam  to  the  generator  A  and  pumps 
W^  Xy  F,  and  Z.  The  exhaust  from  the  four  pumps  is  led 
to  the  main  i%  and  thence  passes  through  the  feed-water 
heater  G,  The  steam  from  the  generator  passes  to  the  small 
receiver  D  and  from  there  to  the  reboiler  H,  The  course  of 
the  ammonia  may  readily  be  followed ;  the  gas  from  the  gen- 
erator passes  to  the  rectifier  B^  thence  to  the  condenser  C, 
The  liquid  gathers  in  the  receiver  L  and  is  admitted  to  the 
brine  coil  U  through  the  expansion-valve  5.  The  gas  from 
the  coil  U  is  carried  by  the  pipe  Q^  which  passes  through  the 
cooler  Ky  to  the  absorber  V,  The  pump  X  takes  the  liquor 
from  the  absorber  and  delivers  it  to  the  exchanger,  which  in 
Fig.  371  is  hidden  behind  the  analyzer.  The  student  will 
find  it  advantageous,  in  tracing  the  course  of  the  gas,  to 
compare  Fig.  371  with  Fig.  351. 

The  pump 'F  takes  water  from  some  source,  as  a  well  or 
city  water-supply,  and  delivers  it  to  the  tank  T  in  the  top  of 
the  building.  From  this  tank  it  flows  over  the  rectifier  and 
condenser  into  a  pan  below  them.  From  this  pan  is  drawn 
the  water  for  the  boiler-feed  pump  W  and  for  the  absorber 
F.     The  pump  Z  is  used  to  circulate  the  brine. 

1589.  The  Distilled-lVater  System.— The  course 
of  the  distilled  water  is  more  clearly  shown  in  Fig.  372.  The 
steam  enters  the  generator  A  through  the  pipe  B^  and  after 
condensing,  passes  out  at  C  to  a  small  receiver  D  having  a 
gauge-glass  E  at  one  end.  The  outlet  of  this  receiver  is  ^t 
the  bottom ;  from  it  a  pipe  /%  which  can  be  throttled  at  G^ 
leads  to  the  reboiler  H,  Here  the  distilled  water  is  thor- 
oughly reboiled,  then  it  passes  successively  to  the  cooler  Ky 
the  filter  /,  and  finally  to  the  ice  cans. 

The  upper  portion  of  the  distilled-water  cooler  K  is  fitted 
with  a  helical  coil  iV,  whose  tails  L  and  M  project  through 
the  side  of  the  tank.  The  gas-forecooling  coil  O  is  in  the 
lower  portion  of  the  tank,  with  its  tails  P  and  Q  passing 
through  the  shell,  as  shown.    The  water  used  for  cooling  the 
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distilled  water  enters  the  bottom  of  the  coil  N  through  the 
tail  M  and  passes  out  at  L.     The  absorber  suction-pipe  'Q 


Fig.  872. 

is  connected  with  the  upper  tail,  and  the  return-gas  header  R 
of  the  expansion  coil  is  connected  with  the  lower  tail  of 
the  forecooling  coil  O, 

The  method  of  operation  is  as  follows:  After  the  machine 
has  been  started  and  distilled  water  begins  to  accumulate  in 
the  receiver  Z>,  as  shown  by  the  glass  £,  the  valve  G  is 
opened  slightly  so  as  to  keep  the  level  of  the  liquid  in  E  con- 
stant. This  permits  the  distilled  water  to  enter  If  and  pass 
to  waste  over  the  skimming  diaphragm.  After  the  mass  of 
water  in  H  has  become  thoroughly  heated  up  and  reboiled, 
it  is  allowed  to  follow  the  course  above  described  to  the  ice 
cans. 

1 590«  Operating:  the  Plant. — ^When  a  can  plant  is 
first  started,  live  steam  should  be  allowed  to  blow  for  several 
hours  through  the  various  parts  of  the  distilled-water  system. 
The  distilled  water  is  then  turned  on  and  allowed  to  run  to 
waste  for  several  days  before  any  cans  are  filled.  As  the 
plant  is  designed  to  keep  the  brine  at  a  certain  temperature 
while  freezing  the  water  in  the  cans,  and  as  it  is  the  heat 
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given  off  by  the  water  in  freezing  that  prevents  the  brine 
from  falling  below  that  temperature,  it  is  advisable  not  to 
run  the  plant  with  the  cans  empty,  as  otherwise  the  tempera- 
ture may  drop  so  much  as  to  freeze  the  brine.  In  order  to 
have  the  cans  full  when  the  plant  is  first  started,  ordinary 
city  or  well  water  may  be  used  to  fill  them  with,  as  it  is  of 
course  impossible  to  get  distilled  water  before  the  machinery 
has  been  running  for  some  time.  The  ice  from  this  water  is 
very  poor  and  need  not  be  used  except  in  case  of  necessity. 
It  takes  from  4  to  5  days  to  freeze  the  batch  of  ice  from  this 
water,  but  the  pulling  of  the  ice  may  be  begun  at  the  end  of 
the  third  day,  even  though  the  cakes  are  not  thoroughly 
frozen.     Then  the  cans  are  filled  with  distilled  water. 

1691*  The  capacity  of  an  ice  plant  is  governed  more 
particularly  by  the  number  of  cans  filled  than  by  those  pulled 
in  a  given  time.  Some  unscrupulous  builders  of  ice  machin- 
ery, taking  advantage  of  this  fact,  freeze  up  the  initial,  or 
first,  batch  of  ice,  which  gives  them  as  a  start  2^  times  the 
nominal  capacity  of  the  plant.  The  plant  is  then  operated 
for  a  week  and  is  able  to  turn  out  from  5  to  10  per  cent, 
more  ice  than  its  nominal  capacity.  This  is  due  to  the  fact 
that  they  start  with  a  tank  full  of  ice  and  end  up  with  one 
nearly  empty.  A  30-day  run  is  the  minimum  time  on  which 
the  capacity  of  an  ice  plant  should  be  based. 

1 692*  If  it  is  found  necessary  to  shut  a  can  plant  down 
for  any  length  of  time,  care  should  be  taken  to  see  that  all 
cans  in  which  the  ice  has  freed  itself  from  the  side  of  the 
can  and  floated  up  are  emptied  and  refilled  with  fresh  water. 
If  this  is  not  done,  the  cans  will  be  bulged  and  the  bottoms 
may  burst  when  the  plant  is  started  again.  In  the  case  of 
an  absorption  plant,  the  generator  coil  should  be  thoroughly 
blown  out  every  24  or  36  hours  so  as  to  eliminate  all  rust, 
etc.  

PLATB  ICB  PLANTS. 

1693.  The  Two  Systems  Used.— There  are  two 
systems  of  plate  ice  plants,  viz. :    the  dry-plate  and  the 
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i^et-plate  system.  In  the  dry-plate  system,  the  ammonia 
gas  is  expanded  into  a  return-bend  coil,  such  as  is  shown 
in  Fig.  373,  the  space  between  the  runs  being  filled  in 
with  wood  or  iron,  so  as  to  separate  the  two  cakes  form- 
ing on  the  sides  of  the  coil.  In  the  wet-plate  system, 
the  freezing  is  accomplished  by  means  of  a  tank  or  cell 
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Pig.  878. 
several  inches  thick,  in  which  brine  circulates.  This  tank 
either  contains  the  direct-expansion  coil  or  else  the  brine 
is  piped  from  a  separate  cooling  tank  or  brine  cooler  to 
the  cells.  In  either  case  the  ice  adheres  to  the  side  of  the 
plate,  and  when  the  right  thickness  is  reached,  it  is  thawed 
off  by  running  either  warm  brine  or  water  into  the  cells,  or, 
in  the  dry  system,  by  turning  the  hot  ammonia  gas  direct 
from  the  condenser  into  the  coils. 

1594.  Dry-Plate  System.  —  The  dry-plate  system 
most  commonly  used  is  that  shown  in  Fig.  373.  It  con- 
sists of  a  continuously  welded  return-bend  or  zigzag  coil  B, 
between  the  runs  of  which  are  placed  blocks  of  wood  C. 
On  each  side  of  this  coil  are  laid  plates  of  sheet  steel  A^  A, 
and  these  are  bolted  or  riveted  through  by  means  of  the 
bolts  or  rivets  D.  This  makes  a  comparatively  inexpensive 
arrangement,  and  a  plant  constructed  with  such  plates  is 
not  much  more  expensive  than  a  can  plant.  These  plates, 
which  are  about  30  inches  on  centers,  are  placed  in  a  long 
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wooden  tank.  Water  is  run  in  between  the  plates  to  within 
about  9  inches  from  the  top,  and  the  expansion  ammonia 
is  then  turned  on.  Great  care  must  be  taken,  in  feeding 
this  kind  of  plate,  that  the  freezing  does  not-  take  place 
too  rapidly,  or  the  air-bubbles  will  not  have  time  to  dis- 
engage, and  white  ice  will  be  the  result.  After  a  certain 
amount  of  ice  has  accumulated  on  the  coils,  say  about 
4  inches,  care  must  be  taken  not  to  feed  too  rapidly,  or 
there  is  a  liability  of  the  coil  frosting  through  and  liquid 
ammonia  getting  over  to  the  compressor. 

The  great  objection  to  a  dry  plate  is  that  if  the  expan- 
sion is  insufficient,  the  ice  will  not  form  evenly  over  the 
whole  plate,  but  will  be  thicker  where  the  ammonia  is  fed  in, 
gradually  tapering  down  to  a  thin  cake  at  the  outlet.  Plate 
plants  of  this  type  usually  have  forecooling  coils  of  large 
surface,  so  as  to  take  up  any  excessive  expansion. 

On  the  whole,  a  dry-plate  plant  is  very  difficult  to  operate 
with  any  degree  of  success. 

1 595«  IVet-PIate  System. — A  wet-plate  system  very 
commonly  used  is  shown  in  section  in  Fig.  374.  It  consists 
of  wrought-iron  cells  filled 
with  brine,  in  which  are 
placed  the  direct-expansion 
coils.  The  wrought-iron  cell 
B  B  contains  the  ammonia 
expansion  coil  A  and  is  filled 
with  brine.  The  ice  E  E 
forms  on  the  sides  of  the  cells. 
With  this  arrangement,  it  is 
possible  to  get  a  very  clear 
ice  out  of  ordinary  well,  river, 
or  city  water  without  the 
necessity  of  distillation.  The 
ice  forms  gradually  on  the 
sides  of  the  plate,  and  the 
temperature    of     the    brine  Pig.  874. 

can   always   be   kept   at   any  desired   point  by  the   proper 
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manipulation  of  the  expansion-valve.  After  a  little  practice, 
it  is  easy  to  ascertain  just  the  temperature  of  brine  that 
IS  necessary  for  ice  of  different  thicknesses.  This  has  to  be 
determined -by  experiment,  as  no  two  samples  of  water  con- 
tain the  same  ingredients. 

The  principal  objection  to  the  wet-plate  system  is  its  large 
first  cost  and  the  liability  of  the  cells  leaking.  If  the  cells 
are  not  properly  made  in  the  first  place,  the  expense  of 
maintaining  them  is  considerable,  the  smallest  leak  of  brine 
injuring  the  quality  and  appearance  of  the  ice. 

1596.  Plate  Plant  Apparatus. — A  plate  ice  plant 
usually  consists  of  the  following  parts: 

{a)  Ice  tank  with  plates. 

{/?)  Forecooling  tank  with  coils. 

(c)  Crane  with  hoists. 

(d)  Tilting  table. 

(c)  Cutting-up  saws. 

(/)  Water  filters. 

(c^)  Water  connections. 

In  case  of  a  wet-plate  system,  there  are  a|so 

(//)  Brine-storage  tank. 

(/)  Brine-transfer  pump. 

(7  )  Brine  connecting  mains. 

1597.  Lifting  and  Cutting  ttie  Plates. — In  order 
to  lift  the  plates  from  the  tank,  two  tension  bolts,  which 
have  eyes  at  the  top  to  which  the  crane  is  fastened,  may  be 
frozen  in  the  ice.  In  other  plants,  a  chain  is  slipped  under 
the  cake.  This  is  accomplished  by  first  passing  a  copper 
wire  under  the  cake,  after  the  latter,  having  been  detached 
from  the  plate,  floats  to  the  surface;  then  the  chain  is 
made  fast  to  one  end  and  then  drawn  up  around  the  cake  by 
means  of  the  wire.  After  the  cake  is  drawn  from  the  cell, 
it  is  necessary  to  lay  it  down.  This  is  done  by  means  of 
the  tilting  table  A,  Fig.  375,  which  is  tilted  by  means  of  a 
worm-gear.  The  table  is  placed  in  a  position  such  as  shown 
by  the  full  lines.     The  crane  D  is  then  run  over  and  the 
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cake  C  is  allowed  to  lie  on  this  table.  The  chains  are  taken 
off,  and  the  table  is  then  lowered  into  the  position  shown  by 
the  dotted  lines. 


^ 

^^ 

^. 

^  ^ 

=<5 

^2Pj4_-^L^^.--,—      „_^             ^ 

m   ii 

PlO.  87S. 
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It  is  now  necessary  to  cut  the  cake  into  merchantable- 
sized  ice,  which  is  usually  accomplished  in  large  plants  by  a 
gang  of  steam  saws  E.  These  are  driven  by  power  and  the 
cake  is  fed  through  under  them.  The  saws  cut  a  groove 
about  3  inches  deep  in  the  cake,  which  is  then  split  by  hand 
with  chisel  bars.  In  small  ice  plants,  what  is  known  as  a 
steam  ice-cutter  is  used.  This  consists  of  a  blade  of  steel 
with  a  ^-inch  copper  pipe  brazed  fast  to  one  end.  This  is 
placed  on  edge  on  top  of  the  cake  of  ice  F  to  be  cut,  as 
shown  in  Fig.  376,  the  steel  blade  A  being  held  vertical  and 
steam  turned  on  into  the  copper  pipe  B.  This  rapidly 
thaws  the  ice  and  cuts  down  through.  In  other  plants,  an 
ordinary  hand-saw  is  used  to  score  the  ice  and  chisel  bars 
to  separate  the  cakes. 
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The  method  of  thawing  the  ice  in  a  wet-plate  plant  is  as 
follows:  When  the  ice  in  a  cell  has  reached  very. nearly  the 
required  thickness,  the  feed  valve  to  that  cell  is  shut  off, 
but  the  suction-valve  is  left  open.  This  draws  all  the 
ammonia  gas  from  the  coil.  The  thickness  of  the  ice  is 
also  increased  thereby  ^  to  f  inch.  The  ice  is  now  ready 
for  thawing.  The  brine  contained  in  the  cell  is  drawn  out 
by  means  of  the  brine-pump  and  the  cell  is  filled  with  cold 
water.  Water  warmer  than  G0°  should  not  be  used,  as  the 
ice  is  liable  to  shiver.  If,  however,  the  thawing  water  gets 
as  low  as  3G°,  it  is  best  to  run  it  off  into  the  draining  tank 


Fig.  876. 

and  refill  the  cell.  After  the  water  has  stood  in  the  cell  for 
4  or  5  hours,  a  chisel  bar  can  be  inserted  along  the  top 
between  the  cake  and  the  cell.  If  it  is  thawed  free  of  the 
cell,  the  cake  when  gently  pried  will  float  up  in  the  water. 
The  crane  is  then  made  fast  and  the  cake  is  drawn  out. 
The  thawing  water  may  now  be  run  out  of  the  cell,  and  the 
ice  space  may  be  thoroughly  cleansed  of  any  dirt  that  may 
have  been  precipitated  during  the  process  of  freezing  by 
opening  the  waste-cock  and  washing  the  cell  clean  with  a 
hose.  The  cell  is  then  filled  with  brine  and  the  tank  with 
water  to  within  9  inches  of  the  top;  the  expansion  is 
turned  into  the  coil,  and  the  process  of  freezing  is  started 
again. 
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MISCELLANEOUS  USES  OF    REFRIGERATION. 

1598.  Hotel  Refrig^eration. — The  work  required  in 
hotels  is  the  refrigeration  of  a  large  number  of  small  boxes 
used  for  various  purposes  about  the  establishment,  such  as 
wine  and  beer  boxes,  general  storage,  meat,  cook  stores, 
oysters,  fish,  ice  cream,  etc. ;  also  the  freezing  of  caraffes 
and  the  making  of  small  quantities  of  ice.  Such  work  is 
out  of  all  proportion  to  the  space  cooled,  owing  to  the 
fact  that  the  boxes  are  small  and  usually  scattered  through- 
out the  building.  For  small  refrigerating  boxes  for  these 
purposes,  namely,  those  of  100  cubic  feet  or  less,  about 
500  cubic  feet  should  be  allowed  for  each  ton  of  refrigerating 
effect.  For  boxes  ranging  between  100  and  1,000  cubic 
feet,  1  ton  will  suffice  for  about  1,200  cubic  feet  of  space. 
In  addition  to  this,  the  amount  of  ice  that  is  to  be  made 
should  be  carefully  considered,  2  tons  of  refrigerating  effect 
being  allowed  for  every  ton  of  ice  made. 

Direct  expansion  is  out  of  the  question  for  hotel  refrigera- 
tion, on  account  of  the  large  number  of  boxes  or  rooms 
that  would  demand  attention. 

In  calculating  the  capacity  required  for  hotel  refrigera- 
tion, it  is  always  better  to  err  on  the  safe  side  and  get  a 
machine  rather  too  large  than  too  small. 

1 599,  Chocolate  -  Factory    Refrigreratlon.  —  The 

setting  of  chocolate  requires  a  cool,  dry  atmosphere  in  the 
cooling  rooms.  These  rooms  are  usually  kept  at  a  temper- 
ature of  about  68°.  The  indirect  system  of  cooling  and 
ventilating  should  be  used,  so  as  to  prevent  the  possibility 
of  any  moisture  from  drip  coils,  etc.  After  allowing  for 
the  amount  of  refrigeration  required  to  cool  the  given  space 
to  68°,  the  number  of  persons  in  the  coating  room  and  the 
amount  of  chocolate  to  be  cooled  daily  should  be  con- 
sidered. One  ton  of  refrigeration  will  be  required  to  absorb 
the  heat  given  off  by  7  persons.  It  takes  about  1,200 
B.  T.  U.  per  pound  to  condense  and  freeze  the  moisture  in 
the  atmosphere,  of  which  a  great  deal  is  exhaled  by  the  per- 
sons in  the  room.     The  conveying  of  the  cold  air  from  the 
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bunker  and  the  taking  away  of  the  vitiated  air  from  the 
rooms  should  be  effected  by  means  of  a  series  of  air-ducts 
or  flues,  the  exact  size  and  location  of  which  should  be  deter- 
mined by  some  expert  ventilating  engineer.  This  is  quite 
important,  in  order  to  prevent  drafts  and  the  consequent 
colds  to  the  persons  in  the  coating  room. 

1600.  Air  Refrlfjreration. — Air  is  often  cooled  for 
various  purposes,  such  as  drying  photographic  plates,  etc. 
When  the  object  of  the  cooling  is  to  dry  the  air,  the  amount 
of  refrigeration  required  depends  largely  upon  the  amount 
of  moisture  that  has  to  be  eliminated  by  condensing  and 
freezing  it,  the  cooling  of  the  air  itself  being  of  secondary 
importance.  As  stated  in  the  preceding  paragraph,  1,200 
B.  T.  U.  may  be  allowed  for  every  pound  of  moisture  taken 
from  the  air,  in  addition  to  the  refrigeration  required  to 
cool  the  air  to  the  temperature  of  condensation  of  the 
moisture  it  contains 
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COEFFICIENTS  FOR  FLOW  OF  WATER. 


DISCHARGE   OP   STANDARD   ORIFICES. 


COEFFICIENTS 

FOR  CIRCULAR    VERTICAL  ORIFICES. 

Diameter  of  Orifice  in  Feet. 

Headift 

in  Feet. 

0.02 

0.04 

0.67 

0. 10       c 

>.  20 

0.60 

r.oo 

0.4 

0.637 

0.624 

0.618 

0.6 

0.655 

.630 

.61S 

.613    0. 

601 

0-S93 

0.8 

.648 

.626 

.615 

.610 

601 

•594 

0.590 

I.O 

.644 

.623 

.612 

.608 

600 

•595 

•591 

1-5 

.637 

.618 

.608 

.605 

600 

•596 

•593 

2.0 

.632 

.614 

.607 

.604 

599 

•597 

•595 

2.5 

.629 

.612 

.605 

.603 

599 

•598 

•596 

3-0 

.627 

.611 

.604 

.603 

599 

•598 

•597 

4.0 

.623 

.609 

.603 

.602 

599 

•597 

•596 

6.0 

.618 

.607 

.602 

.600 

598 

•597 

•596 

8.0 

.614 

.605 

.601 

.600 

598 

•596 

•596 

lO.O 

.611 

.603 

.599 

.598 

597 

•596 

•595 

20.0 

.601 

•599 

•597 

.59^5 

•596 

•596 

•594 

50.0 

.596 

.595 

.594 

•594 

•594 

•594 

•593 

lOO.O 

.593 

.592 

.592 

.592 

.592 

•592 

•59» 
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COEFFICIBNTS  FOR  SQUARE  VERTICAL  ORIFICES. 


Head  h 

w5 

lue  ui  LI 

le  oquar 

e  in  ree 

c. 

in  Feet. 

0.02 

0.04 

0.07 

0. 10 

0.20 

0.60 

1. 00 

0.4 

0.643 

0.628 

0.621 

0.6 

0.660 

.636 

.623 

.617 

0.605 

0.598 

0.8 

.652 

.631 

.620 

.6.5 

.605 

.600 

0.597 

I.O 

.648 

.628 

.618 

.613 

.605 

.601 

•599 

1-5 

.641 

.622 

.614 

.610 

.605 

.602 

.601 

2.0 

.637 

.619 

.612 

.608 

.605 

.604 

.602 

2.5 

.634 

.617 

.610 

.607 

.605 

.604 

.602 

3.0 

.632 

.616 

.609 

.607 

.605 

.604 

.603 

4.0 

.628 

.614 

.608 

.606 

.605 

.603 

.602 

6.0 

.623 

.612 

.607 

.605 

.604 

.603 

.602 

8.0 

.619 

.610 

.606 

.605 

.604 

.603 

.602 

lO.O 

.616 

.608 

.605 

.604 

.603 

.602 

.601 

20.0 

.606 

.604 

.602 

.602 

.602 

.601 

.600 

50.0 

.602 

.601 

.601 

.600 

.600 

•599 

•599 

100. 0 

•599 

•598 

•598 

.598 

.598 

.598 

.598 

COEFFICIENTS  FOR  RECTANGULAR  ORIFICES 
1   FOOT  TVIDE. 


Head  h 

Depth  of  Orifice 

in  Feet 

on  Center 

of  Orifice 

in  Feet. 

0.125 

0.25 

0.50 

0.75 

1. 00 

1.50 

2.00 

0.4 

0.634 

0-633 

0.622 

0.6 

.633 

■(^u 

.619 

0.614 

0.8 

•(>2.2> 

■633 

.618 

.612 

0.608 

1.0 

.63-^ 

.632 

.618 

.612 

.606 

0.626 

1-5 

.630 

.631 

.618 

.611 

.605 

.626 

0.628 

2.0 

.629 

.630 

.617 

.611 

.605 

.624 

.630 

2.5 

.628 

.628 

.616 

.611 

.605 

.616 

.627 

3-0 

.627 

.627 

.615 

.610 

.605 

.614 

.619 

4.0 

.624 

.624 

.614 

.609 

.605 

.612 

.6x6 

6.0 

.615 

.615 

.609 

.604 

.602 

.606 

.610 

8.0 

.609 

.607 

.603 

.602 

.601 

.602 

.604 

lO.O 

.606 

.603 

.601 

.6or 

.601 

.601 

.602 

20.0 

.601 

.601 

.6oi 

.602 
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DISCHARGE  OF  ^WEIRS. 


COEFFICIENTS   FOR   WEIRS    W^ITH   END   CONTRACTIONS. 


Effective 

Length 

of  Weir 

in  Feet. 

Head  in 

Feet. 

0.66 

I 

2 

3 

5 

10 

19 

O.I 

0.632 

b.639 

0.646 

0.652 

0-653 

0.655 

0.656 

0.15 

.619 

.625 

.634 

.63S 

.640 

.641 

.642 

0.20 

.611 

.618 

.626 

.630 

.631 

'^33 

.634 

0.25 

.605 

.612 

.621 

.624 

.626 

.628 

.629 

0.30 

.601 

.608 

.616 

.619 

.621 

.624 

.625 

0.40 

•595 

.601 

.609 

.613 

.615 

.618 

.620 

0.50 

.590 

•596 

.605 

.608 

.611 

.615 

.617 

0.60 

.587 

.593 

.601 

.605 

.608 

.613 

.615 

0.70 

.590 

.598 

.603 

.606 

.612 

.614 

0.80 

.595 

.600 

.604 

.611 

.613 

0.90 

.592 

•598 

.603 

.609 

.612 

1. 00 

.590 

•595 

.601 

.608 

.611 

1.2 

-585 

•591 

.597 

.605 

.610 

1.4 

.580 

•587 

•594 

.602 

.609 

1.6 

.582 

•591 

.600 

.607 

NoTK. — The  head  given  is  the  effective  head,//' H- 1.4 ^ 
velocity  of  approach  is  small,  A  is  neglected. 


When  the 


COEFFICIENTS  FOR  TVEIRS  W^ITHOUT  END  CONTRACTIONS. 


Effective 

Head  in 

Feet. 

Length  of  Weir 

in  Feet. 

19 

10 

7 

5 

4 

3 

2 

0. 10 

0.657 

0.658 

0.658 

0.659 

0-15 

.643 

.644 

.645 

•645 

0.647 

0.649 

0.652 

0.20 

.635 

.637 

.637 

.638 

.641 

.642 

.645 

0.25 

.630 

.632 

•^33 

•634 

.636 

.638 

.641 

0.30 

.626 

.628 

.629 

.631 

•^33 

.636 

.639 

0.40 

.621 

.623 

.625 

.628 

.630 

•633 

^636 

0.50 

.619 

.621 

.624 

.627 

.630 

•^33 

.637 

0.60 

.618 

.620 

.623 

.627 

.630 

.634 

.638 

0.70 

.618 

.620 

.624 

.628 

.631 

.635 

.640 

0.80 

.618 

.621 

.625 

.629 

'^33 

.637 

.643 

0.90 

.619 

.622 

.627 

.631 

•635 

•639 

.645 

1. 00 

.619 

.624 

.628 

•633 

.637 

.641 

.648 

1.2 

.620 

.626 

.632 

.636 

.641 

.646 

1.4 

.622 

.629 

•634 

.640 

.644 

1.6 

.623 

.631 

.637 

.642 

.647 

Note. — The  head  given  is  the  effective  head,  Il+^h.     When  the 
velocity  of  approach  is  sm^l,  h  may  be  neglected. 
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